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Abstract 

ir The p rec ip i t a t ion  of amorphous silica from synthe t ic  geothermal, br ines  

which resemble the  f lashed br ine a t  Cerro P r i e to  has been studied. It was 
.. -found t h a t  pa r t  of the di'ssolved s i l ica  quickly polymerizes to  form suspended 

co l lo ida l  silica. 
unmodified br ine pH values near 7.35. Raising the  pH of the br ine  t o  about 

7.8 by adding base and s t i r r i n g  f o r  a few minutes causes rapid and complete 

f loccula t ion  and se t t l i ng .  

using ac tua l  Cerro P r i e t o  brine. 

quaternary amines were found t o  be e f f ec t ive  with some br ine  composi- 

t i ons  but not with others.  

The co l lo ida l  s i l i c a  f loccula tes  and settles slowly a t  

These r e s u l t s  have been confirmed i n  the f i e l d  

Both i n  the laboratory and i n  the f i e l d  

Polyacrylamides do not work a t  all .  
These r e s u l t s  suggest the following simple pre in jac t ion  br ine  treatment 

age the br ine f o r  10-20 minutes i n  a covered holding tank, add process: 

20-30 ppm lime (CaO), stir f o r  5 minutes, and separate  the f locculated s i l ica  
from the br ine using a conventional c l a r i f i e r .  

a process w i l l  be almost completely f r e e  of suspended so l ids .  
The br ine  coming out of such 

The p i l o t  plant  tests needed t o  reduce t h i s  conceptual process t o  

prac t ice  are discussed. 

The rate of deposi t ion of sil ica scale from synthet ic  brines was sepa- 

r a t e l y  studied. 

reduce the scaling rate at a reasonable cost.  

It was found that a modest decrease i n  pH could s ign i f i can t ly  

The equilibrium chemistry of Cerro Pr ie to  br ine w a s  studied theoret i -  

ca l ly .  These ca lcu la t ions  ind ica te  t h a t  increasing the  br ine  pH t o  remove 

s i l ica  might cause some p rec ip i t a t ion  of carbonate minerals, but a l s o  t h a t  



&I 
e work reported here 

a 

ii 

long term f i e l d  develo o Prieto brine 

t threefold, and 

creates the massive white amorphous 

s 

J 

performed similar experiments and confirmed our s u l t s  (Hurtado, et a l . ,  1979). 
W 
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They are presently t e s t i n g  the br ine  treatment process recohmended t o  

them by us (see Section 7) on a p i l o t ' p l a n t  scale, and the  r e s u l t s  of t h i s  

bonates and s u l  

l i t y  was studied theore t ica l ly .  

Additional experimental techniques t h a t  were developed but not perfected 

as w e l l  as preliminary da ta  generated by them are presented and discussed 

i n  the  Appendices . 
_ 1  

Much of the material i n  t h i s  report  is contained i n  two papers t h a t  were -~ 

presented by 0. Weres and E. Ig l e s i a s  a respect ively,  

a t  the Second Symposium on the  Cerro Prieto Geothenual Field that was held i n  

Mexicali, October 17-19, 1979. These papers w i l l  be published as part of the 

Proceedings of t h i s  Symposium and w i l  a l s o  be submitted fo 
Geothemics. 

Calgox@ Magnif l o a ,  NalgenD, if lo@, Separan!!, Tef lo& and Tygon I@ 

are a l l  reg is te red  trademarks although they are not always ident i f ied  as being 

such i n  the  t ex t  and f igures .  

S2 Real Brines and Synthetic Brines 

The prec ip i ta t ion  of amorphous s i l ica  from Cerro P r i e t o  br ines  was studied 

by preparing synthe t ic  br ines  that c lose ly  resemble them i n  our laboratory. 

The approximate chemical compositions of two such synthet ic  brines which were 

extensively used i n  the si l ica removal s tud ies  are presented i n  Table 1. The 

silica concentrations and pH values shown i n  the Table were those w e  used most 

often. 

and pH's. 

as shown i n  the Table. (The concentration of sodium varied s l i g h t l y  with the  

s i l i ca  concentration and pH. 

br ines  s l i g h t l y  during the experiments.) 

major components i n  the same range* as real Cerro P r i e to  br ines  that have been 

f lashed down t o  atmospheric pressure. The "High Can formulation was more-or- 

less a r b i t r a r i l y  chosen t o  resemble a "typical" flashed br ine a t  Cerro Prieto.  

However, some work was also done a t  d i f f e r e n t  si l ica concentrations 

The concentrations of a l l  other  components were always approximately - 
Also, evaporation tended to  concentrate tlie 

1 

These synthe t ic  brines were formulated t o  have concentrations of t h e i r  



TABLE 1. Natural and Synthetic Cerro Prieto- Brines 

Low Ca 

f 

I t  
W 

1 

Values quoted and recalculated from Cosner and Ap s (1978) 
Records 68 and 106. 
at  Cerro Prieto and kindly provided t o  LBL by A. Mason M. 

* 
This data was generated by t!e CFE Laioratory 
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It approximately corresponds t o  a mixture of t he  waste b r i n e  streams from 

Cerro P r i e to  w e l l s  M-8, M-27, M-31, M-35, and M-46. This composition w a s  

chosen because the  waste b r i n e  l i n e  shared by these  w e l l s  is t he  source of 

b r ine  used f o r  most p i l o t  p lan t  work a t  Cerro Prieto.  Chemical components 

which w e  consider unlikely t o  d i r e c t l y  a f f e c t  t he  chemical behavior of t he  the  

si l ica i n  t h e  b r i n e  under t h e  conditions of g r e a t e s t  i n t e r e s t  were l e f t  out of 

our syn the t i c  brines. 

The pH va lue  7.3 chosen f o r  t he  synthe t ic  brines is typ ica l  of t he  pH 

va lues  of f resh ly  flashed br ine  specimens determined i n  the  f i e l d  with still- 

hot brine.  These range between about 7.0 and 7.6, and are 

7.3 o r  7.4 (pr iva te  communication from A. Magon M. and our 

ments). 

Also shown are typica l  analyses of flashed br ine  from 

M-30. We used br ine  from these w e l l s  in our l imited f i e l d  

flashed br ines  a t  Cerro Pr ie to .  

most of t en  about 

own f i e l d  measure- 

w e l l s  M-14 and 

work with f r e sh ly  

polymerization i n i t i a t e d  by mixing together two preheated so lu t ions ,  one ac id  

and one alkaline.  During t h e  experiments, t he  %brine" temperature was always 

between about 92 and 97OC. 

The br ines  a t  Cerro P r i e t o  are weakly buffered. The major buf fer  

a t  temperatures near 100°C and pH values between about 7.2 and 9.5 is  

monosilicic ac id ,  Si(OH)4. (Henceforth, "monosilicic acid" w i l l  be ' 

abbreviated "MSA".) 'At  lower pH values the  carbon dioxide bicarbonate 

bu f fe r  system is dominant. The nature of our experiments w a s  such t h a t  it 

would have been very  hard f o r  us t o  ad jus t  and cont ro l  t h e  pH of our synthe t ic  

b r ines  by relying on these  buf fer  systems alone. 

small amount of t h e  buffering compound b a r b i t a l  (5,5'-diethylbarbituric ac id)  

in our syn the t i c  b r ine  formulation. 

Bicarbonate was usually l e f t  out of the  synthe t ic  br ines  desp i t e  being a 

Therefore, w e  included a 

The pKa of b a r b i t a l  is about 7.4. 

r e l a t i v e l y  important real b r ine  component because i t  has no d i r e c t  e f f e c t  

upon t h e  behavior of silica, and its presence would have complicated pH 

adjustment. 

i nh ib i t i ng  e f f e c t  upon s i l ica  polymerization under some conditions (see 

Boric ac id  was included because w e  know t h a t  it can have a mild 
m 

Weres, et  al., 1980, Section 3.15). 

In a l l  experiments, t he  a r t i f i c i a l  b r ine  was cons t i tu ted  and s i l ica  
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amount of d i l  cate solution. The 

6 ,  sodium b a r b i t a l ,  acid 

, and water t o  make up the  

usually employed . 
Throughout our work with simulated br ines ,  a l l  volumes were measured 

a t  room temper 

would be t h a t . i f  the  so lu t ion  were cooled do era ture .  When 

applied t o  salt conce 

of moles o r  grams per 

t h a t  the  volume 

r e l a t i v e l y  low sa l t  content of these so lu t ions  and t h e  semiquantitative 

s or grams per 

the  cap closed 

o r  l o se  water when heated.) 

titrated w i t h  

and bor ic  aci 

t h e  last  three  components i n  t h i s  concentrate are simply 20/3 t i m e s  t h e i r  
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desired concentrations i n  the synthe t ic  brine. 

somewhat smaller because the sodium metasilicate and buffer stock so lu t ions  

a l s o  contain sodium. 

The concentration of N a C l  is 

e case of the "Low Ca" synthet ic  brine,  the  "concentrated brine" 

contained 1.547 M N a C l ,  0.245 
The ba rb i t a l  buffer  s t o c  

0.0547 M CaC12, and 0.0081 M H3BO3. 

on was prepared t o  be 0.5 M i n  ba rb i t a l  

and 0.5 M i n  NaOH. 

c eu t i ca l  use was employed. 

the commercial f locculants  were of reagent grade.) 

"Purified" grade Ma inckrodt b a r b i t a l  intended f o r  pharma- 

( A l l  chemicals used other  than the bar and 

To prepare the acid solut ion,  measured amounts of the br ine  concentrate,  

buffer  stock solut ion,  and the  amount of water needed t o  bring the f i n a l  

volume up t o  that desired 

water bath. %e beaker w a s  tempor l y  covered with a watchglass and i t s  

contents  allowed t o  heat up t o  above about 90* C. 

t i t r a t e d  with 0.5 M HC1 t o  ad jus t  the pH value t o  that desired i n  the synthe- 

t i c  br in i .  

the  sodium metas i l ica te  solut ion,  as determined by the  earlier t i t r a t i o n ,  w a s  

added t o  the beaker, and the  r e su l t i ng  mixture w a s  again allowed t o  heat up. 

mixed i n  a beaker suspended i n  a boi l ing 

Next, t he  mixture was 

Final ly ,  the amount of addi t iona l  0.5 M HC1 needed t o  neut ra l ize  

To s tar t  the react ion,  the  preheated a lka l ine  so lu t ion  was poured i n t o  

The the beaker containing the preheated ac id  so lu t ion  with rapid s t i r r i n g .  

s t i r r i n g  w a s  stopped a f t e r  a few seconds, the  pH measured, and periodic 1 m l  

samples withdrawn f o r  ana lys i s  from then on. 

Both dissolved si l ica and t o t a l  s i l ica  were determined f o r  by the molyb- 

da te  yellow method. To determine the molybdate ac t ive  (i.e.,  "dissolved") 

s i l ica ,  the  molybdate yellow method w a s  employed d i r ec t ly .  

t o t a l  si l ica (i.e., including the suspended co l lo ida l  s i l i c a ) ,  the  specimen 

was f i r s t  reacted with NaOH t o  d iges t  and-dissolve the 

(Henceforth, "molybdate ac t ive  si1 

should not be confused with "MSA". 

other  small molecular and ion ic  si1 

To determine the 

a1 sil ica.  

11 be abbreviated as "MAS", which 

s molybdate active but so are some . 

ec ie s  . ) . 
The difference between the empirically determined molybdate 

t o t a l  s i l i c a  concentrations is app 

si l ica suspended i n  the "brine". 

doon t o  about 10 mg L'l suspended silica. 

L 
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bj reported i n  the Figures and Tables , 
erefore ,  t he  measured 

silica concentrat  t a ted  temperature. 

To approximate1 
I .  

c by rapidly drawing 

b r ine  i n  and out t he  sample t o  be 
L 

present in t ap  water. 
using water thaf was twice 

was  a l ready once doubly deionized; as a precaution, we sen t  

agent stock 'solution w a s  

prepared by mixing 
concentrated NH4OH (28% NHg) and water t o  ma  L of solution. The final 

ng 100 ml. of the 

04, and 5 0 0 . d  D . I .  

reagent In the  f l a s k  and t h e  volume made up t o  50.0 ml D.I. water. 'The 

d 

t he  t o t a l  volume up 

described above . bi 



, In most of our experiments we "treated the  brine" i n  one of two ways bi 
a f t e r  20 o r  30 minutes had elapsed. 'One "treatment" was t o  increase the  pH 

dding NaOH. Another was t o  add a few mg L'l of one of a number of 

commercial synthe t ic  f locculan ts  In e i t h e r  case, the  chemic addi t ion  was 
followed by a few minutes of rapid s t i r r i n g .  After s t i r r i n g  was  stopped, pH 

w a s  determined again and per iodic  sampling resumed. 

We a lso  considered t h e  p o s s i b i l i t y  t h a t  the  rapid s t i r r i n g  s t e p  i t s e l f ,  

r a the r  than the  chemical addi t ion  t h a t  it accompanies, is what causes the  

co l lo ida l  s i l ica  t o  f loccu l  

ment in which the  b r i n e  was vigorous s t i r r e d  f o r  several minutes a t  the  

proper t i m e  without adding chemicals; t h i s  treatment was found t o  have no 

s i g n i f i c a n t  e f f e c t  on the  amount of silica t h a t  remained i n  suspension a t  the  

end of t h e  experiment. 

. This hypothesis w a s  disproved by an experi- 

A t  the very  end of t he  experiment the  suspended s i l i ca  remaining i n  the  

b r ine  w a s  determined by an "absolute" method. 

"brine" w a s  decanted i n t o  a 200 m l  beaker, being ca re fu l  t o  leave as much of 

F i r s t ,  about 150 m l  of the  

. .  

t h e  s e t t l e d  s i l ica  f l o c  as possible behind. 

water bath a t  about 85OC f o r  a few minutes t o  allow t h e  s m a l l  amount of 

coarse f l o c  not removed by t h e  f i r s t  decantation s t e p  t o  sett le out. 

preheated 100 m l  p ipe t t e ,  a 100 m l  sample w a s  then ca re fu l ly  withdrawn and 

placed in a preheated pressure f i l t e r  funnel. 

polycarbonate membrane f i l t e r  w a s  used. 

and t h e  f l u i d  was  driven through it with compressed nitrogen gas  a t  about 1.3 
bars  gauge pressure. 

The decanted b r ine  w a s  held i n  a 

Using a 

Ordinarily,  a 400 nm pore s i z e  

The f i l t e r  funnel was  then sealed,  

The f i l t e r  w a s  then removed and placed i n  a p l a s t i c  beaker with 3.0 m l  

After the  of 1.0 N NaOH and heated i n  a boi l ing  water bath f o r  10 minutes. 

s i l ica  w a s  digested i n  t h i s  way, t h e  f i l t e r  w a s  r insed i n t o  the  beaker and 

the  contents of the  beaker were then rinsed i n t o  a 50.0 ni l  volumetric f l a s k  

containing 40.0 ml of the  molybdate reagent f o r  si l ica determination. Appro- 

p r i a t e  ca lcu la t ions  then gave us the  res idua l  concentration of suspended 

s i l ica  i n  mg per liter of t he  "c la r i f ied"  synthe t ic  brine. 

mine suspended s i l ica  concentrations g rea t e r  than about 32 mg L'I, because 

higher concentrations cause the  spectrometer t o  go off scale. This is why 

L 

L 

When implemented as described above, t h i s  technique is unable t o  deter-  

"Final Suspended S i l i ca"  is reported as '9 32" i n  Tables 2 and 3 f o r  some L 



experiments. 

obvious from the  Iter. I n  such cases, 

t h e  digested f l o c  

a l iquo t  of t h i s  d i lu t ed  s o l u t i  

However, high concentrations of suspended si l ica w e t e  usua l ly  

D.I. water, and 

, and t h e  concen 

This e x t r a  d i l u t i o n  s t e p  had 

od upward by a f a  

s apparently s 
t o  5 mg L'1. 

used by s l i g h t l y  

t i o n  step. Therefore, the 
er a b e t t e r  executed 

tank i n  a p i l o t  o r  

c t u a l l y  t o  be less than 

3 mg L'l, a l l  else being equal 

Of course, t h i s  m e t  en t r a t ion  of p a r t i c l e s  

d f l o c s  l a r g e  enough t er. In  prac t ice ,  t h i s  

means a l l  p a r t i c l e  l i n e a r  dimension 

ome s i z e  considerably though the  elemental 

0 nm i n  diameter under d a l  p a r t i c l e s  are probabl 

t hese  conditions,  t h e  s t rongly  f loccula t ing  na ture  of t he  "treated brine" 

f i n e r  f i l t e r  d id  

probably would be 

is was done by 
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S4 L: S i l i c a  Removal  by Increasing pH 

si l ica  suspended 

(Allen and Matij - 
et al., 1980, Se 

charge on t he  surface of t h e  

adsorbed cations 

effect is what c 
probably more ap 

use "flocculate" mmon usage in 

t h e  water treatment f i  

rap id ly  with the  

main f loccula t ing  ion. 

, and ca t ions  are adsorbed 

tween t h e  p a r t i c l e s ,  and t h i s  '"bridging" 
- 

par t i cu la r  case, but we 

by f loccu la t ion  and s e t t l i n g  is slow and incomplete. 

t ask  of p r e i d e c t i o n  b r ine  treatment is t o  induce rapid f loccu la t ion  and 

s e t t l i n g .  

calcium, increasing the  pH recommends i t s e l f  as the  simplest way t o  induce 

rapid f loccula t ion .  

Therefore, t h e  major 

Because Cerro P r i e t o  b r ine  contains a subs t an t i a l  amount of 

Figure 1 semiquantitatively i l l u s t r a t e s  the  e f f e c t  of increasing t h e  

pH. In t h i s  experiment, t he  s y n t h e t i c , b r i n e  w a s  o r i g i n a l l y  cons t i tu ted  with 

a pH of about 7.3, and allowed t o  s i t  undisturbed f o r  25 minutes t o  l e t  the  

concentration of MAS t o  drop t o  a nearly steady state value. Next, t h e  b r i n e  

w a s  b r i e f l y  s t i r r e d ,  t h e  f l o c  was  allowed t o  settle f o r  two minutes, and the  

f i r s t  two 1 m l  a l i q u o t s  were withdrawn t o  determine the  concentration of 

suspended si l ica by t h e  d i f f e r e n t i a l  method. Then a small amount of 1 N NaOH 

was added t o  increase  the  pH. After b r i e f  addi t iona l  stirr * 

measured, t he  f l o c  w a s  a l l  t o  sett le f o r  2 minutes without s t i r r i n g ,  and 

two more a l iquo t s  were withdrawn f o r  the  determination of suspended s i l i c a .  2 - 
This cycle was  repeated four  more t i m e s  t o  generate the  rest of the  points.  

The da ta  in Figure 1 are only 

obtained from such experiments are 
mental design l i k e  the  dura t ion  of 

semiquantitative i n  t h a t  t he  r e s u l t s  

g r e a t l y  a f f ec t ed  by f i n e  poin ts  of experi- 

s e t t l i n g ,  t he  s i z e  and shape of t he  
tiMt' 
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7.2 7.4 7.6 7.8 

XBL 7992957 
PH 

Fig. 1. The pH of t h i s  syu the t i c  b r ine  was progressively increased by adding 
NaOH, and t h e  suspended s i l ica  determined a f t e r  each increase. 

reac t ion  vesse l ,  etc. 

f loccu la t ion  is poor, and t h a t  increasing t h e  -pH t o  about 7.8 removes most of 

However, i t  is obvious from Figure 1 that a t  pH 7.3 

t he  c o l l o i d a l  si l ica .from suspension. 

.experiments.is presented in -F igure  2, -In one of them ( the  so l id  symbols), 

t he  synthe t ic  brine had an i n i t i a l  pH of about 7.3 and was maintained that  

# .  

The f u l l ,  de t a i l ed  da ta  0 b t a i n e d . h  two t y  r i n e  treatment" 

y throughout $he duration o f  t h  

the  syn the t i c  br ine  i n i t i a l l y  had 

by adding a small amount Q 

i n  pH value and br ie f  stir 
were the  same. 

In. the o ther  (open symbols) , 
7.2, and the pH was increased 

Except f o r  the  change 1 N NaOR after 22 minutes. 

ng i n  the  second experiment, t h e  two experiments 
i 

The "High Ca" synthe t ic  br ine  formulation was.used in both. 

* In  both cases, a - s u b s t a n t i a l  f r a c t i o n  of tbe si l ica .had a l ready  poly- 

Were taken for a n d y s i s ~ '  A t  t h i s  
the  b r ine  ivd ica t ing  the  beginning 

ted co l lo ida l  silgca is n v b i b l e  t o  the- naked 

rspi.d i n i t i a l  s tage  o f  the polymeriza- 

W . 
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-. - 

I S f l  active SiO, 
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0.5 g ~ - '  ca+2 -- 
c 
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0 
0 

0 '  
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- 
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-0.0 pH-7.21 I o,o pH - 7.8 -.,. PH -13 I I 3.3mg~ '  
- throughout I I Final suspended Si02 - 

0 I I I  I I I I 

Time (mid 
XBL 799-2976 

Fig. 2. Solid Symbols: 
22 min. by adding NaOH 
t r a t i o n s  not corrected 

b r ine  not "treated." 

f o r  temperature e f f e c t .  

Open symbols: pH increased a f t e r  

"High Cat' syn the t i c  brine.  
. I n  t h i s  and fu r the r  similar Figures, s i l i ca  concen- 

t i o n  reac t ion  had been completed by t h e  t i m e  of the  second point which w a s  

taken f i v e  minutes a f t e r  t he  f i r s t .  

t i m e "  would probably s u f f i c e  t o  polymerize the  s i l ica  in: a b r i n e  l i k e  t h i s  

instead of t he  22 mihutes allowed in t h i s  experiment. 

This means t h a t  a five-minute "aging 

The 20 minute t o t a l  silica values show t h a t ,  by t h a t  time, t h e  c o l l o i d a l  

s i l ica  had f loccula ted  t o  t h e  poin t  t h a t  it w a s  beginning t o  settle. Floccu- 

l a t i o n  and s e t t l i n g  were s l i g h t l y  more pronounced i n  the  synthe t ic  b r ine  t h a t  

had the  higher i n i t i a l  pH. 

A t  25 minutes the  MAS concentration in the  unmodified b r ine  had already 

f a l l e n  t o  a "limiting" value. 

brium s o l u b i l i t y  level f o r  bulk amorphous si l ica under these conditions 

which is about 0.33 g L-l. 
f o r  de t a i l ed  procedures t o  ca l cu la t e  the s o l u b i l i t y  of amorphous si l ica under 

var ious  conditions.) 

l i t y "  va lue  is due t o  t h e  s m a l l  s i z e  of the  e o l l o i d a l  s i l ica  p a r t i c l e s  t h a t  

are created under these  conditions of rapid nucleation. 

more so luble  than bulk AS, and t h e i r  s o l u b i l i t y  determines the  "limiting" MAS 
concentration. 

This va lue  is somewhat higher than the  equi l i -  

(See Weres, e t  al., 1980, Sections 3.11 and 3.18 

That the  va lue  observed is higher than the  "bulk solubi- 
, 

Small p a r t i c l e s  are 
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Up t o  t h e  point tha t  the pH of the "treated" br ine was increased 

MAS concentrations i n  the t rea ted  and untreated brines were equa l ' t o  within 

experimental error .  

increased the MAS concentration i n  the "treated" brine. This is because 

increasing the pH increases  the s o l u b i l i t y  of amorphous s i l ica ,  f tom about 

0.33  t o  about 0 .35  g L'I i n  t h i s  case. 

concentration was s l i g h t l y  abov 

value f o r  bulk AS was ain due t o  the  grea te r  s o l u b i l i t y  of small particles. 
I f  real, the  apparent slow increa  of MAS concentration i n  the modified 

br ine toward the  end of the experiment is probably due to  continuing re-equi- 

l i b r a t i o n  of the  c o l l o i d a l  s i l ica  with i t s  chemically modified environment. 

The p a r t i a l  redissolut ion of the  co l lo ida l  s i l ica  during and, perhaps, 

a f t e r  t he  f loccula t ion  process is  a desirable  phenomenon from the p rac t i ca l  

point of view. 

f l o c  quickly enough 

br ine w i l l  probably redissolve completely, i f  given enough time t o  do 

so. 

f i l t r a t i o n  technique. 

be due t o  the  d i f f i c u l t y  of achieving good s e t t l i n g  i n  a small container 

r a the r  than t o  imperfect f loccula t ion  

However, increasing the  pH and s t i r r i n g  noticeably 

That the post."treatment" MAS 
the corresponding equilibrium s o l u b i l i t y  

It means that i f  the c l a r i f i e d  brine is separated from the  

he small amount of col lo ida l  s i l i c a  remaining i n  the 

The f i n a l  value of 3.3  mg L'l suspended Si02 was determined by the  

As discussed'in Section 3 ,  even t h i s  small value may 

The MAS concentrat ion a t  the,end of t h i s  experiment was about 0.42  g L-1, 
which i s  s t i l l  above of the  equilibrium s o l u b i l i t y  of si l ica under the  

given conditions. This means tha t  t h e  br ine  w i l l  slowly deposit  vi t reous 

si l ica on any surface with which it 

the  molecular deposi t ion rate, as calculated using the  methods presented by 

Weres -- e t  al. (1980-, Section 3 . 1 4 ) ,  
or.may not be small enough t o  avoi 

es i n t o  contact Our best  estimate of 

bout 5 micrometers year'l. 

e c t i v i t y  dec l ine  over the l i f e  of an 

This may r 

, i n j e c t i o n  w e l l ,  depending on the pore s i z e  i n ' t h e  receiving formation and the 

extent  of f r ac tu re  permeability. 

but might damage pore permeabili ty i f  the pores are small enough. 

It would not e f f e c t  f r ac tu re  permeability, 

Other experiments have shown t h a t  the f l o c  produced by increasing the  pH 

sett les a t  a rate of about 

s e t t l e d  f o r  about 100 sec about 10 percent of the i n i t i a l  t o t a l  volume of 

t he  brine. 

allowed t o  sett le f o r  a longer period of time, as would be the case i n  an 

ac tua l  s e t t l i n g  tank. 

mm sec-l, and t h a t  i ts  volume'after having 

Its volume would probably be considerably smaller i f  i t  were 
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Experiments with i n i t i a l  dissolved si l ica concentrations of 0.8 and 0.9 h; 
g L-I gave e s sen t i a l ly  the  same r e s u l t s ,  except t h a t  ' the  dec l ine  i n  MAS 

concentration t o  "steady state" values required the f u l l  20 minutes wi th .  

the lower i n i t i a l  concentrations. (See Table 2.) 
Similar experiments performed using the "Low Ca" synthet ic  br ine gave 

the same resu l t s .  (See Fig. 3 and Table 3.). 

In one experiment 0.05 g L'I of well-dispersed bentonite c l ay  w a s  

added a t  the beginning. 

the  f i n a l  suspended silica concentration was as low as usual. 

that the amorphous silica takes the c l ay  p a r t i c l e s  with it when i t  floccu- 

lates and settles out. We conclude t h a t  t h i s  process may give br ine that is 

completely f r e e  of a l l  suspended so l id s ,  even i f  so l id s  o ther  than amorphous 

s i l ica  are i n i t i a l l y  present i n  it. 

I n  s p i t e  of t h i s ,  the  "treated" br ine  was clear and 

This suggests 

In these experiments sodium hydroxide w a s  used t o  increase the pH as 

a matter of convenience. 

would be used because it is by f a r  the cheapest base avai lable .  

that only about 37 mg L'I of calcium hydroxide would be needed t o  raise the 

pH t o  7.8. (See Section 11.) . 

In  prac t ice ,  l i m e  (calcium oxide o r  hydroxide) 

We estimate 

Rothbaum and Anderton (1975) have p i l o t  t es ted  a process f o r  removing 

both suspended and dissolved si l ica from the br ines  a t  Wairakei and Broad- 

lands by adding a l a rge  amount of l i m e  t o  them (up t o  700 ppm CaO). 

w a s  precipi ta ted out as an amorphous calcium sil icate.  Adding l i m e  i n  quanti- 

ties as small as is proposed here  apparently w a s  not e f f ec t ive  i n  f loccula t ing  

the suspended s i l i c a  because the br ines  i n  these two f i e l d s  are of much lower 

s a l i n i t y  than that a t  Cerro Pr ie to ,  and contain much less calcium. 

hypochlorite w a s  a l s o  added t o  the br ines ,  and this caused the  a rsen ic  in i t  

t o  p rec ip i t a t e  out with the silica. 

process from the one proposed here. 

The s i l ica  

Sodium 

A l l  i n  a l l ,  t h i s  is bas i ca l ly  a d i f f e r e n t  
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SYNTHETIC BRINE FLOCCULATION EXPERIMENTS 
I 1 I 

0 

- 0.0 pH increase onlyi 3.6mg L-'final susp. Si0,- 
- *I. Magnifloc only pH 7.31 27mg L-' final 

susp. SiO, I 

_ _  
Time (mid 

XBL 7992961 

Fig. 3. ow Ca" synthe t ic  brine.  Comparison of pH increase and addi t ion of 
Magnif l o 3  591C . 

S5 Effect  of Synthetic Flocculants and Summary 

Cationic polymers are known t o  be e f f ec t ive  f locculants  of co l lo ida l  

So are quaternary amines with long s ide  chains (general  formula: si l ica.  

NQb' l ) .  ' For a discussion of the general  p r inc ip les  involved, see 'Iler 
(1973, pp. 53-63) and I l e  

A va r i e ty  of synthet organic f loccufants  wer tained from three  

(1979, PP. 384-3961, 

manufacturers and tes ted.  The r e s u l t s  of these experiments @re summarized i n  

nd 3. The f locculan ts  tes ted  are 

Table 4. The de ta i l ed  r e s u l t s  of two 

,synthetic f locculan ts  are presented i n  Figure 

ts i n  t h i s  series were l i k e  

4, except t h a t  synthet ic  f b c c u l a n t  was added t o  

the 'synthetic brine instead of NaOH. 

i n a l  Suspended .. Si l i ca"  The most important data  i n  Tables 2 

values determine 

these values can 

values for  the  f i r s t  two 

but only because of the abnormally long t i m e  tha 

a t  the end of the experiment by the  f i l t r a t i o n  method, but 

i n a l  Suspended S i l i ca"  

ted brines") are l o w ,  



TABLE 2 

Flocculation Experiments with €rig% Ca  Synthetic Brine 

Quantity I n i t i a l  I n i t i a l  Suspended Si02 a t  F ina l  Suspended 
Date Flocculant Used s i02  PH 30 min. 40 nin.  Si02 a t  (min.) 

12/12/78 
12/11/78 
2/ 2/79 

12 /19/78 
1/ 5/79 

12 /2 1 /7 8 
12/13/78 
6/11/79 
5 /30 /7 9 
1/10/79 
1/ 9/79 
4/27/79 
1/ 8/79 
6/12/79 

12/20/78 
12 /18/78 

2/ 6/79 
2/ 7/79 

4 /30/7 9 

- none 
none - 

pH ra i sed  t o  7.77 
pH ra i sed  t o  7.79 
pH ra i sed  t o  7.74 
pH ra i sed  t o  8.01 
pH ra i sed  t o  7.75 

r p  572c 2 PPm 
MF 572C 2 PPm 
MF 573c 1 PPm 
MF 573c 2 PPm 
MF 573c 5 PPm 
MF 585C 5 PPm 
MF 591C 2 PPm 
MF 1563C 2 PPm 
EIF 2535C 2 PPm 
KF 836A 2 PPm 
MF 836A 20 PPm 

Calgon M 503 5 ppm 

1000 
1000 

800 
800 
900 
900 

1000 
1100 
1100 
1000 
1000 

900 
1000 
1100 

800 
1000 
1000 
1000 
1100 

7.40 
7.17 
7.41 
7.18 
7.29 
7.12 
7.24 
7.23 
7.20 
7.25 
7.27 
7.27 
7.17 
7.33 
7.09 
7.23. 
7.34 
7.25 
7.31 

151# 
32 1 

<lo <lo  
44 15 

460" 27# 
15 <lo 
69# 

459* 20 

<lo 
449* 36 
576* < l o  
<lo# 

34 13 
60# 

295* 26 
64 31 
78 58 
39 40 
18 

5.6 
3.9 
3.9 
1.7 
3.3 
3.5 
3.3 

5 00 
2.4 
1.0 
4.0 
1.8 

5.3 

>34 

>3 2 

13 
28 
22 
3 -0 

~~ 

>96 
>loo 

>SO 
>70 
>6 0 
>48 
>60 
>33 
>3 0 
>5 0 
>6 0 
51 

>50 
>32 
>60 
>67 
>60 
>5 0 
>30 

S i l i c a  concentrations i n  ppm 
1 ppm = 1 mg ~ - 1  
MF - American Cyanamid Magn i f lom 
*Point taken before "treatment" 
#Point taken within 5 min. of s t a t e d  t i m e  r a the r  than a t  exact ly  t h a t  t i m e .  

I 
F 
cn 
I 



TABLE 3 

Flbcculatim Experiments with Low Ca Synthetic Brine 

Quantity ‘ I n i t i a l  In i t ia l  Suspended Si02 a t  Final Suspended 
30 min. 40 min. S i 0 2  a t  (nin.) 

4/13/79 none 
4/10/79 none 

I 
)-r 

4 
I 

#Point taken within 5 min. of stated t i m e  rather than a t  exactly that t i m e .  
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TABLE 4 

Synthetic Flocculants Tested 

Manufacturer Product Chemical Nature 

American Cyanamid Magnifloc@ 572C 

" 

.. 
1. 

.. 

n 

Calgon 

I. 

I. 

D O W  

I. 573c 

577c 

. 585C 

587C 1. 

.I 591C 

1563C I 

.I 2535C 

M503 

M570 

M580 

M590 

S e p a r a P  cP7 

Pur i f loc  C 3 1  @ 

Probably a monomeric 
quaternary ammine. * 

dd . 
do . 
do . 
do . 
do . 

Catonic polymer; otherwise 
unknown . 

do. 

Catonic polymer; otherwise 
unknown. 

do . 
do 

do . 
Probably a ca t ion ic  polyacrylamJe. # 

do . 

The American Cyanamid product l i t e r a t u r e  d id  not 
nature  of t h e i r  products. However, the Magniflo 5OOC series products are 
s t a t ed  t o  be of low molecular weight, and a shipping l abe l  on a package of 
samples w e  received iden t i f i ed  the  contents  as quaternary ammonium compounds. 

and Pur i f lo  4 series belong t o  this' chemical class. 

dent i fy  the  chemical b 
* 

#Tie  Dow prod c t  l i t e r a t u r e  s t a t ed  that most of the products i n  the Separadii) 
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SYNTHETIC BRINE FLOCCULATION EXPERIMENT 

Time (mid 

Fig. 4. "High Cat' synthe t ic  brine.  Effect  of Magnlflo@573C. 

. .  
allowed t o  run. A treatment time t h i s  long would probably not be acceptable 

i n  pract ice .  The 30- and 40- minute suspended s i l ica  values-determined by the  

d i f f e r e n t i a l  method are high, and, the*slow,  steady decl ine of suspended.sil ica 

concentration i n . t h e  second experimentlis  shown i n  Figure 2 ( so l id  symbols). 

The suspended s i l ica  concentrations i n  !'untreated" low Ca synthet ic  br ines  

l ikewise did not drop t o  acceptable values i n  a reasonable time (Table 3). 
Raising the br ine  pH t o  about 7.8 quickly reduced the suspended si l ica 

concentration and gave a f i n a l  value below 5 mg L'l i n  a l l  cases, both w i t h  

the  High and Low Ca synthe t ic  br ines  (Tables 2 and 3 and Figures 2 and 3). 
With the High Ca  synthet ic  br ine  several  of the synthet ic  f locculan ts  

gave general ly  promising results. 
promising of them. 

only Magnif lo@ 83 

M a g n i f l o a  573C appears t o  be. the most 

e f locculantp tes ted  with the High.Ca synthet ic  br ine,  

i c h  i s  an anionic polymer, was ,confirmed t o  ,be - 
d e f i n i t e l y  inef fec t ive .  1- 

As is  evident from Table 3 and Figure 3, synthet ic  f locculan ts  i n  

the  concentrations used d id  not give good results with the Low C a  synthet ic  

brine. The one l o w  f i n a l  suspended si l ica value obtained with Dow SeparaDCP7 

was probably anomalous, because we were unable t o  reproduce i t  despi te  four W 
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attempts t o  do so. Figure 3 and s 

suggest t h a t  a t  least some of the 

decrease i n  suspended si l ica concentration, even though the  f i n a l  values were 
s t i l l  unacceptably high. These f locculan ts  might have been more e f f ec t ive  i f  

added i n  l a rge r  amounts, but such a treatment would not be p rac t i ca l  given the 

of the e n t r i e s  i n  Table 3 do, however, b 
he t i c  f locculants  cause a s ign i f i can t  

r e l a t i v e l y  high pr ice  of these products and the very l a rge  amount of water 

that needs t o  be t reated.  

We were unable t o  explain the difference i n  effect iveness  of the  synthe- 

t i c  f locculan ts  with the two d i f f e r e n t  synthet ic  brines. Nor were we able  t o  

co r re l a t e  it with any pa r t i cu la r  chemical difference between the two synthe t ic  

br ine  compositions. 

The advantages of using synthet ic  f locculan ts  i n  prac t ice  would be: 

1) r e l a t i v e l y  small amounts are used, 

2) the  only preparation they need p r io r  t o  use is d i l u t i o n  with c lean  

water t o  about 17, concentration, and 

ing the pH might. 

3) they cannot cause the p rec ip i t a t ion  of carbonate minerals as increas- 

Their disadvantages are: 
1) most of them are expensive, 

2) they slowly decompose, espec ia l ly  a t  high temperature, 

3) they do not increase the s o l u b i l i t y  of s i l ica  as l i m e  does, and 

4) they are spec ia l ty  products that might not be conveniently and 

r e l i a b l y  ava i lab le  f o r  use a t  Cerro Prieto.  

The advantages of using lime are: 

1) it is  very cheap and universal ly  ava i lab le ,  and 

2) it increases the s o l u b i l i t y  of si l ica i n  the t rea ted  brine. 

The disadvantages of using lime are: 
1) increasing the  pH might induce the p rec ip i t a t ion  of carbonate minerals 

(see Section l l ) . o r  of an  amorphous calcium silicate phase, and 

2) the  equipment used t o  produce l i m e  milk o r  g e l  from quicklime is 

somewhat complicated and expensive. 
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b,‘ S6 Fie ld  Ver i f ica t ion  of Laboratory Results 

A few experiments were performed a t  Cerro P r i e to  t o  confirm the labora- 

c 

t o ry  r e su l t s .  

i n  Sections 3 t o  5 ,  except t h a t  f r e sh ly  collected samples of actual geothermal 

br ine  were used Instead of synthe t ic  brine. 

r a i sed ,  a near ly  sa tura ted  so lu t ion  of calcium hydroxide was used f o r  

t h i s  purpose>instead of sodium hydroxide. 

These experiments were e s s e n t i a l l y  the  same as those discussed 

Also, when the br ine  pH was 

These experiments were performed a t  the CFE Laboratory a t  Cerro P r i e t o  

with the  he lp  of J,. Fausto L. of CFE. 

M-30 was used because these wells are conveniently near t o  the laboratory. 

The b r ine  from M-30 is considered t o  be more representative of t h  

whole . 

Brine from Cerro P r i e to  wells M-14 and 

Wells M-14 and M-30 are both producing w e l l s  t h a t  were s t e a d i l y  producing 

steam and br ine  when these experiments w e r  
o the r s  a t  Cerro P r i e to )  have a spec ia l ,  s 

miniature Webre separator connected t o  the  

f i r s t  turned on, br ine  was allowed t o  flow t h r o u g h , i t  f o r  at least 20 minutes 
before sampling. The sample was co l lec ted  ch had f i r s t  

been rinsed wlth hot b r ine  three  times t o  b 

ormed. These wells (and a l l  

eter , brine-sampling l i n e  and 

ead. When t h i s  system was 

Immediately a f t e r  taking the  sample the  t i m e  and temperature*wer 

and the  f i r s t  two l -ml  a l i q u o t s  f o r  the determination of 

were withdrawn and put i n t o  prepared p l a s t i c  50 
sodium hydroxide and ammonium molybdate reagent 

was then rushed t o  t h e  l abora to  

to ry  was usual ly  about 8 minute 

was poured i n t o  a prepared beak 

a l l q u o t s  were withdrawn f o r  si1 
, and two more 1 

e c o l l o i d a l  silica that 

ate and settle 
Weaker. This is i l l u s t r a t e d  I 

experiment with M-30 b r ine -  

remained i n  s 

f o r  r e i n j e c t 1  

removes the  suspended. silica. Adding 2 mg L-’ of Magniflo@573C t o  M-30 
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LAB TEST AT C.P. - W 
4 

ELL M-30 
LAB TEST AT C.P. - WELL M-30 

' I  I I 1- 

Unmodified 
I 

0 Total SiO, 
0 Molybdate 

active SiO, 

0 Total Si02 
0 Molybdate 

0 active SiO, 

I 
I 

- r c !  

- suspended SiO, - I Final pH not recorded 

0 I I I I 0 10 20 30 40 50 60 
0 io 20 

0 I I l l  1 I 

30 40 50 Time (mid 
XB L 799-2975 Time (mid 

XBL 799-2974 

' Fig. 5.  Experiment performed a t  Cerro Fig. 6.  
Pr ie to  using f resh ly  f lashed br ine  
from Well M-30. Brine not "treated". 

br ine did not reduce the suspended si l ica t o  acceptable leve ls .  .(The r e s u l t s  

of these experiments are not shown here). 

The co l lo ida l  si l ica i n  unmodified br ine from M-14 does not f loccula te  

even a f t e r  the br ine  has been incubated f o r  one hour. Figure 7 shows t h i s  

and the e f f e c t  of adding a small amount of l i m e  water t o  M-14 brine. This 

small amount of l i m e  w a s  added by mistake, but there  was no chance t o  repeat 

the  experiment using more l i m e .  

of the  co l lo ida l  s i l i c a  t o  f loccula te  and sett le out. 

30 mg L-l, would probably reduce the suspended s i l ica  i n  M-14 brine t o  

acceptable leve ls .  

ment pH values i n  Figure 7 i s  probably due t o  experimental error .  

Adding 2 mg L'l of MagnifloD573C t o  M-14 br ine  did reduce the sus- 

Even t h i s  small amount of l i m e  caused most 

Adding more l i m e ,  s ay  

The very small difference between the pre- and post-treat-  

pended s i l ica  concentration t o  an acceptable l e v e l  (Figure 8).  

The volume and qua l i ty  of the da ta  w e  obtained i n  the f i e l d  w a s  reduced 

by the  d i f f i c u l t y  of working i n  an unfamiliar laboratory,  t i m e  cons t ra in ts ,  

e tc .  

laboratory work. 

while MagnifloD573C works only with br ine  from M-14; this i s  exac t ly  the  

same pa t te rn  as t h a t  ob'served working with the two d i f f e ren t  synthet ic  brines. 

However, the r e s u l t s  obtained do seem t o  confirm the  r e s u l t s  of the 
Increasing the pH seems t o  work with br ine  from e i t h e r  w e l l ,  
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LAB TEST AT GI? - WELL M-14 
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bi 

0 

I LI - 
1%; 23mg L! 
I 'suspended 

' I silica 

. Time (mid , 
B L 799-2960 

i ' Fig. 7. One or both pH values'may be i n  error. 

I 
I 
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S7 Recommendation f o r  a P i l o t  Plant Test L! 

We doubt 'that bench tests with e i t h e r  synthe t ic  brines o r  samples 
of real brine can p ro f i t ab ly  be ca r r i ed  much fur ther .  

here are probably about as complete and convincing as can be obtained i n  t h i s  

way, given the  i n t r i n s i c  l imi t a t ions  of bench tests and the  v a r i a b i l i t y  of 

na tu ra l  brines. 

i n  t he  f i e l d  a t  Cerro Prieto.  

The results reported 

Further progress w i l l  only come from p i l o t  plant experiments 

Figure 9 i s  a schematic diagram of a p i l o t  plant t h a t  would allow t h e  ' 

br ine  treatment processes suggested by ' the  results of our bench tests t o  

be evaluated i n  a p r a c t i c a l l y  meaningful way. 

m3 hr'l would probably be most convenient t o  work with. 

resembles the one used by Rothbaum and Anderton (1975). 

A design flow rate of 5 t o  10 

This p i l o t  plant 

When operated without sludge r ec i r cu la t ion ,  t h i s  p i l o t  plant would 

c lose ly  reproduce the processes evaluated i n  our bench tests. As i n  the  bench 

tests, the  function of the  b r ine  aging s t e p  i s  t o  allow time f o r  t he  dissolved 

s i l ica  to .be  converted t o  co l lo ida l  silica. However, p a r t i a l  f l occu la t ion  and 

s e t t l i n g  of co l lo ida l  s i l ica  i n  the aging tank could lead t o  prohlems with 

sludge accumulation there. 

step" could be replaced by r ec i r cu la t ion  of part of the sludge coming out of 

t he  c l a r i f i e r .  

with the  dissolved si l ica i n  the  b r ine  and decrease the  dissolved s i l ica  

concentration i n  the  r e su l t i ng  mixture to  i t s  steady state value almost 

instantaneously. 

e s s e n t i a l  a t  Niland because of the ra ther  low rate of si l ica polymerization i n  

I f  t h i s  proves t o  be a ser ious  problem, t h e  "aging 

The l a r g e  amount of co l lo ida l  silica i n . t h e  sludge would react 

Sludge r ec i r cu la t ion  f o r  this purpose is  considered t o  be 

the  b r ine  there  (Quong, e t  al., 1978). 

s i l i ca  polymerization is  high enough f o r  br ine  aging t o  be a reasonable 

a l t e rna t ive .  

However, a t  Cerro P r i e t o  the  rate of 

As l i t t l e  as 5 minutes of aging might be enough. 

When t h i s  p i l o t  plant is  operated without sludge r ec i r cu la t ion ,  t h e  only 

places i n  which scale is  l i k e l y  t o  form are the b r ine  i n l e t  pipe and the  p a r t  

of t he  aging tank nearest  t o  it. The aging tank should be designed with this 

i n  mind. For example, i t  might be possible t o  design it i n  such a way that 

the  incoming br ine  doesn't come i n t o  contact with any pa r t  of t he  tank u n t i l  

a few minutes a f t e r  it e n t e r s  the tank and i s  already r e l a t i v e l y  nonreactive. 
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PROPOSED BRINE TREATMENT PILOT PLANT FOR CERRO PRIETO 
I 

Ume Yurry or ' 
synthetic flocculanl 
solution 

A 

Brine aging tank. 
I 

Flash mix tank 

Sludge recirculation bop 
Ioptioml) 

holden, 

to pond 

XBL 799 - 2849 

9. Recommended b r ine  treatment p i l o t  p lan t  f a c i l i t y  f o r  Cerro Prieto.  

The sketch of the  b r i n e  aging tank i n  Figure 9 is meant t o  be a view 

The br ine  flows from s ide  t o  s i d e  around v e r t i c a l  baff les .  from the top. 

A v e r t i c a l  laminar flow tank without ba f f l e s  which the br ine  en te r s  a t  the 

top and leaves a t  the bottom is another poss ib i l i ty .  

required i s  that the aging tank provide approximately plug flow reac tor  

conditions,  t h a t  sludge not accumulate 

In Figure 9 ,  the  c l a r i f i e r ,  mixin 

. loop  are shown as separate components. 

A l l  that i s  r e a l l y  
. 

i t ,  and that i t  be easy t o  clean. 

r ec i r cu la t ion  were t o  be u l t imate ly  implemented, a l l  three o 

nents could be replaced by a reac tor -c la r i f ie r  which combine 

of a l l  th ree  i n  a s ing le  uni t .  

t he re  are c l a r i f i e r s  ava i l ab le  that incorporate 

tank as part of the c l a r i f i e r .  The orient" configurat ion shown 

i n  Figure 9 i s  
experimental f x i b i l i t y  and clearest separat ion of e f f e c t s  of the  

various components on the ove ra l l  performance of the  process. 

Even i f  sludge r ec i r cu la t ion  i s  not required,  - c 

ecommended f o r  the because it  allows maximum 

The p i l o t  plant  w i l l  require  a dual  chemical feed system t o  allow 

both pH increase and synthe t ic  f locculant  addi t ion t o  be,evaluated. The feed LJ 
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system f o r  the synthet ic  f locculan t  need consis t  only of a storage tank f o r  

the f locculant  solut ion and a metering pump. 

In a f u l l  scale br ine  treatment f a c i l i t y  pH would be increased by adding 

The s lu r ry  o r  g e l  would most a hydrated lime s l u r r y  or g e l  t o  the brine. 

l i k e l y  be produced on the spot by hydrating quicklime i n  an appropriate 

reactor.  However, t h i s  would be completely impractical t o  implement on the 

small scale of the p i l o t  plant,  

method t o  generate a hydrated l i m e  s lu r ry  would be t o  mix metered s o l u t i o n s .  

of NaOH and CaC12 j u s t  before they en ter  the mixing tank. 

produce a suspension of Ca(OH)2 i n  N a C l  solution. 

performed i n  our laboratory Indica te  that Ca(OH)2 scal ing a t  the point of 
mixing would not be a problem. 

t o  use NaOH alone to  increase the b r ine  pH i n  the p i l o t  plant  tests. 

An i n f i n i t e l y  s i m p l e r  and more convenient 

This would 

Sui table  experiments 

It would be even s impler ,  but less real is t ic ,  

We doubt t h a t  a f i n a l  br ine f i l t r a t i o n  s t e p  w i l l  prove necessary 

a t  Cerro Pr ie to ,  but i t  would be des i rab le  t o  have that opt ion ava i lab le  

during the p i l o t  plant work. 

The f l o c  produced by the  processes discussed i n  t h i s  repor t  i s  mostiy 

water, and may ac tua l ly  represent as much as 5-10 percent of the  t o t a l  volume 

of the  incoming brine. 

cate the process and equipment considerably. 

disposed of by dumping i t  i n t o  the evaporation pond both i n  the p i l o t  tests 
and i n  the ult imate commercial process . ,The exis t ing  evaporation pond a t  

Cerro P r i e to  has more than enough capaci ty  t o  handle the projected sludge 
out put 0 

I 

Converting i t  t o  a concentrated sludge would compli- 

We recommend that i t  be simply 

Drawing on re la ted  p rac t i ca l  experience Quong, -- e t  al. (1978) a t  Niland, 

we recommend the following instrumentation and tests f o r  monitoring the 

performance of the process: 

, 

1) 
f ied" brine. This instrument would allow suspended s i l ica  concentrations 

above about 10 mg L'l t o  be Ins t an t ly  detected and continuously monitored 

i n  a semi-quantitative way. 

tuning" the  operation of the p i l o t  plant. 

2) Some o f  the  "c l a r i f i ed  brine" should be pumped through a membrane 

f i l t e r .  

rate pusup and instrumentation f o r  continuous monitoring of the pressure drop 

A flow-through turbidimeter t o  monitor the tu rb id i ty  of .the "clari- 

This capab i l i t y  would be very he lpfu l  i n  "coarse 

The f i l t r a t i o n  equipment should include a precise  constant  flow 

L 



LJ across  the f i l t e r .  

potent ia l"  of the c l a r i f i e d  br ine t o  be determined v i a  the method of Barkman 

and Davidson (1972). 

This equipment would allow the  "formation plugging 

3) The so l id  residue t h a t  c o l l e c t s  on the f i l t e r  should be analyzed 
- c t o  quant i ta t ive ly  determine the concentrations of suspended si l ica and 

calcium carbonate i n  the brine.  (See Section 3 and Appendix 2, respect ively,  

f o r  the  techniques.) There is no lower l i m i t  t o  the concentration of 
so l id s  t h a t  can be meas d I n  this way. 

the  f i l t e r  t o  accumulate' the amount needed f o r  convenient analysis ;  this i s  . 

i * 

Simply flow enough br ine  through 

a f e w  milligrams. 

f i ed  br ine should be pumped through a sandstone core t h a t  

i s  representat ive of the  reservoir .  

t o  allow the  permeability t o  be continuously followed as with the membrane 

f i l t r a t i o n  apparatus. 

Hassler s leeve type core  holder immersed i n  a boi l ing water bath would 

be completely adequate. 

and s tudied petrographical l ly  afterwards. 

The core holder should be instrumented 

High core confining pressure is not needed; a simple 

5 )  Cores used i n  the core-flushing experiments should be sectioned 

iate provision should be made t o  sample a l l  streams i n  the 

a lys i s .  Total  s i l i ca ,  MAS and pH should be measured a t  a l l  

points  , and complete 

c l a r i f i e r  should eac 

balances determined. The br ine aging tank and 

provided with several  sampling ports.  

7) 
system . 
determine scale deposit ion rates 
the  sca l ing  rates t o  be quickly 

complicating e f f e c t s  of simultaneous corrosion pr 

of the  coupoas would give t ates of scale depo 

could be determined by examining the specimens microscopically. 

experiments analog0 

Both i n  the p i  

equipment should be designed s Steam 

jacketing the major vesse ls  is commended f o r  t h i s  prupose. Pa r t i cu la r  

Corrosion monitoring coupons should be d i s t r ibu ted  throughout the 

8 )  Quartz g l a  coupons should be d i s t r i b u t e  hroughout the system t o  

The use of quart  lass coupons would al low 

t i t a t i v e l y  determined without the 

The weight increases  
i* 

(Laboratory 

o t h i s  are discussed i n  Sections 8 ,  9 and 10.1 

plant and i n  the ul t imate  p rac t i ca l  system, a l l  
s t o  keep a i r  out of the system. 

\ u 
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e f f o r t s  should be made t o  control  heat l o s s  from the small and complex "clari- L. 
f i ed  brine t e s t ing  system" discussed above, 

58 Scale Deposition from Synthetic Brines: Experimental Methods 
* 

Extensive so l id  and semisolid deposi ts  of near ly  pure co l lo ida l  amor- 
_ r  

phous s i l ica  form throughout the ex is t ing  waste water disposal  system a t  

Cerro Prieto. Field experiments with low pressure (i.e., second stage) steam 

separator  u n i t s  have shown t h a t  rapid deposit ion of amorphous s i l ica  scale 

occurs within the separators  i f  they are operated with an ex i t ing  br ine 

temperature below about 130 This sca le  is  so l id  and forms a t  a rate 

of up t o  about 1 mm day'l ( Hurtado J., pr iva te  communication and scale 
samples , 1978). These deposi ts  cons is t  of co l lo ida l  amorph 

has been more or  less cemented by the molecular deposit ion of dissolved s i l ica  
between the  p a r t i c l e s  ( see  Section 10). 

* 

S i l i c a  scal ing i s  presently only a minor problem a t  Cerro P r i e to  

because the ex is t ing  very simple waste water disposal  system i s  not s ens i t i ve  

t o  it. However, second s tage  steam separators  are and a pre in jec t ion  br ine  

treatment system would be as w e l l .  

and possible control  methods are of i n t e re s t .  

i n  the laboratory using synthet ic  br ines  precisely because scal ing rates a t  

Cerro P r i e to  are high enough t o  be conveniently measurable. 

Therefore, the  k ine t i c s  of sca le  deposi t ion 

These things may be studied 

For scal ing rate data t o  be meaningful, the  scale must be deposited 

under steady state chemical conditions. This i s  c l e a r l y  not possible i n  a 

"beaker test" l i k e  those discussed i n  Sections 3 t o  5,  and a continuous flow 

k i n e t i c  system must be used. 

The system developed f o r  t h i s  experiment i s  schematized i n  Figure 10, 

and several  photographs of the apparatus are presented i n  Figure 11. 
compositions of the  three so lu t ions  employed i n  most of these experiments are 

presented i n  Table 5, as w e l l  as the composition of the  synthet ic  br ine that 

i s  formed when two of them are mixed. This synthet ic  .brin 

calcium concentration as does the High Ca br ine  i n  Table 1, and the same 

sodium, potassium, and boron concentrations as the Low Ca  synthet ic  br ine i n  

Table 1. It d i f f e r s  from both of the synthet ic  brines i n  Table 1 i n  t h a t  the 

concentration of ba rb i t a l  i n  i t  i s  2-1/2 times higher. 

The 
F 

* 
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SYNTHETIC SCALE DEPOSIT1 
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Fig. 10. There are actually four lengths of quartz glass tub 
them consists of several short segments that are held togeth 
connectors . An early version of the "pR electrode' manifold" 

.. 

.. 
and scale deposit 

bi 



Figure 11 

Synthetic Silica Scale Deposition Apparatus 

(a), (b) Views of quartz glass tubing and 
pH manifold assembled on rack. 

Apparatus fully assembled and ready for 
startup. 

(c) 

* I c c 

I 
0 
0 
I 
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si l ica  concentration i n  the synthet ic  br ine t o  1.0 g L-l and 2) d r i l l i n g  

out the e x i t  channel of the mixing manifold t o  about 2 mm I.D. 

experiment of ten  ended wh 

Even so, the  

tubing connections "popped" t o  re l ieve  the pressure. Careful 

opersitor a t t en t ion  was needed t o  accurately note the t i m e  a t  which t h i s  

d ,  so that the t o t a l  reactio 
e scale w a s  ac tua l ly  deposited -inside of 3-mm I.D. fused quartz 

e could be determined. 

tubing. 

cal t o  the  s i l ica  scale being deposited. 

ins ide  these tubes should not be very d i f f e ren t  from the rate of deposi t ion on 

preexis t ing scale deposits;  i.e., 

deposit ion rate, desp i te  the very 

deposited during a typ ica l  experiment. 

This material was chosen because it i s  very near ly  chemically ident i -  

Therefore, t he  rate of deposi t ion 

should c lose ly  approach the "stead 

ount of si l ica scale ac tua l iy  

e fused quartz tubing "run" typ ica l ly  consisted of ten  shor t  segments 
with a t o t a l  length of cm. Before the experiment, the cu t  ends of each 

segment were f i r e  polished, and the  segments were rinsed thoroughly with D.I .  

water and'dried.  

t i on ,  and carefu l ly  weighed with an e lec t ronic  balance t o  + 0.1 mg. These 

shor t  segments were assembled i n t o  four  s t r a i g h t  "lengths" by joining them 

with short  pieces of s o f t  TygoD tubing slipped over the ends. 

the segments within each length were brought together snugly within these 

Tygo@ connectors so that the fused quart? tubing within each length  was 

e s s e n t i a l l y  continuous. 

Then they were "coded" with inde l ib l e  ink f o r  ident i f ica-  

- 

The ends of 

I 

* *  One segmented length of 15 c m  and two of 20 c m ,  and one continuous 

length of 12 c m  were used. 

t h e i r  segmented nature  is ignored f o r  simplicity.)  

connected by longer pieces of s o f t  Tygo@ tubing, which is a l s o  used f o r  

connections elsewhere i n  the system. 

has an inner diameter of about 2-1/2 mm. 

each of the longer TygonIPconnectors between the lengths  of quartz g l a s s  

tubing was 5 cm. 

(Only thrce  lengths  a r e  shown i n  Figure 10 and 

These pa r t i cu la r  lengths  

were chosen f o r  convenient assembly and handling. The s t r a i g h t  lengths  are 1 

The T y g o a t u b i n g  used f o r  t h i s  purpose 

The length  of the  flow path through 
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&, A l l  j o i n t s  between the  longer Tygon connectors and g l a s s  o r  T e f l o D  

tubing were reinforced by wire ties wound around them. 

rack was ca re fu l ly  designed t C )  minimize forces on the connectors. 

precautions were necessary because T y g o D  sof tens  i n  hot water and t h e  

connectors would have frequently s l ipped  off otherwise. 

Also, the  supporting 

These 

* 

'The t o t a l  length of t h e  quar tz  g l a s s  tubing and Tygon connectors 

A t  a br ine  flow rate of 46 m l  hr-', *this gave a t o t a l  t r a n s i t  

t i m e  of about 7.1 minutes. 

After leaving the  quar tz  g l a s s  tubing, the.  synthe t ic  br ine  flows through 

a g l a s s  manifold that holds the  t i p  of a pH electrode. 

e lec t rode  compartment, t he  syhthe t ic  br ine  is d i lu t ed  by one-third with the  

"Neutral Brine." 
i t  does not contain'any si l ica o r  b a r b i t a l  (see Table 5 ) .  

d i l u t i n g  t h e  b r ine  a t  t h i s  point is t o  reduce the concentration of dissolved 

silica and, thereby, avoid silica deposit ion on, and damage to ,  the  g l a s s  

membrane of the electrode. The "Neutral Brine" used f o r  t h i s  purpose was 

formulated t o  resemble the  synthe t ic  br ine  i n  order t o  minimize the change I n  

pH caused by d i lu t ion .  

from the b r ine  before it reached t h e  electrode. This was necessary, because 

a i r  bubbles inevi tab ly  formed i n  t h e  so lu t ions  during preheating, and caused 

wild f luc tua t ions  i n ' t h e  pH reading I f  allowed t o  reach the  e lec t rode  compart- 

ment. 

were made out  of 3-mm 

Before it e n t e r s  the  

This so lu t ion  ris t he  same as the  synthe t ic  br ine  except t h a t  
The purpose of 

An "inverted T" was b u i l t  i n t o  the  manifold t o  remove air bubbles .. 

Both the  main longi tudina l  member of the manifold and the  a i r  vent 

caused "burping ," 
diameter than the  vent 

The b r ine  flowed h the  bottom, up past  

c t he  e lec t rode ' s  g l a s s  I n  e a r l y  vers ions  of 

t h e  manifold elect r ic temperature 

. read t h e  b r ine  temperature ( r a the r  than the water ba th  

Brine temperature monitoring was abandoned a f t e r  i t  w a s  estab- 

was never more than l0C lower than the water bath temperature, 

s i d e ' p o r t  was eliminated from later versions of the  manifold. 

. 

The annulus around 'the electrode was sealed off with two O-rings. 

I 
I 
I 
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Maximizing the t i m e  reso lu t ion  of -the pH reading requires  t h a t  the L+ 
volume of  the  manifold be minimized by carefu l  design. . Its longi tudinal  

member was only 8 cm long, and we were able  to  achieve a t i m e  resolut ion of 

about one minute i n  the pH reading. 

Devising adequate means of cont ro l l ing  and monitoring br ine pH presented 

the major challenges i n  developing this technique. 

mismatch between the  pump channels pumping solut ions A and B i s  inevi table .  

Because these solut ions contain subs t an t i a l  concentrations o f_base  and acid,  

respect ively,  pumping i r r e g u l a r i t i e s  cause f luc tua t ions  i n  the pH of the 

r e su l t i ng  synthet ic  brine. 

with the acid and salts  and t o  " p r e t i t r a t e  it" because the const i tuent  

solut ions were prepared and kept a t  room temperature; a t t e m p t s  t o  do so. 

inevi tably caused prec ip i ta t ion  of the sparingly soluble  acid form of bar 

t a l .  

the "beaker experiments" of Sections 3 t o  5 ,  and why pH had t o  be continu- 

ously monitored. 

Some degree of varying 

Also, it  was not possible t o  put  the b a r b i t a l  i n  

This i s  why a higher concentration of ba rb i t a l  w a s  needed,here than i n  

A Lazar sealed pH electrode was  used i n  t h i s  work. The pH electrode 

w a s  allowed t o  preheat before the start of the experiment. 

by pumping a commercial standard pH 7 buffer  soluf ion (Mallinckrodt Buffer) 

through a l l  th ree  pumpjchannels. 

t he  meter w a s  s e t  t o  the  pH of the  bu5fer a t  the bath temperature. The tubes 

were then rinsed off with water and set i p  the reactant  and d i luent  solutions.  

Leaving a bubble i n  each of these feed l i n e s  allowed the operator  t o  follow 

the  pos i t ion  of the r e sc t an t s  and note when they m e t  i n  the mixing manifold. 

After the  reactant  solut ions reached the  mixing manifold the  pump w a s  adjusted 

It w a s  ca l ibra ted  

After a s tab le . s igna1  had been achieved, 

t o  give the desired flow rate of 23 m l  hr'l per channel. 
I ,  

A typ ica l  experiment ran f o r  1-1/2 t o  2 hours. A t  the  end of the  

experiment, the reac t ion  tubes were removed and rinsed thoroughly t o  remove- 

any loose silica. 

dry overnight. 

before and a f t e r  the reac t ion  w a s  the amount o f - s i l i c a  deposited. 

usual ly  a few milligrams per .segment, 

I 

They were placed i n . a n  oven set a t  l l O ° C  and allowed t o  

When dry,  they were weighed and the d i f fe rence  in-weight 
I 

This was. 

' In a typ ica l  experiment, .about 75 m l  of synthet ic  brine,cont.aining , 

a t o t a l  of about 75 mg'of Si02 flowed through the system. 

t h i s  w a s  typ ica l ly  deposited in s ide  the quartz g l a s s  tubing. 

About 10 mg . . ,  of 

An unknown LJ 
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* 

but probably much mnaller am 
Because only about 10-1 
seems unlikely that the  

s i g n i f i c a n t l y  a f fec ted  the  resu 

eposited in s ide  the  Tygo@ connectors. 

silica i n  the br ine  was deposited, i t  

l a r g e  surface t o  volume r a t i o  of the  tubes 

Finally,  some of the  t u  s were scored lengthwise with a diamond 

sc r ibe  on both s ides  and then ca re fu l ly  broken. 

resu l ted  i n  a few pieces s u i t a b l e  f o r  microscopic examination and a small 

p i l e  of crushed quartz g lass .  

This procedure usua l ly  

s9 

periments produced usable 

r e su l t s .  The range of br ine  pH values i n  these experiments was 6.95 t o  7.50. 

The values obtained f o r  sca l ing  rate E. pos i t ion  along the  flow path 

f o r  four experimen 

represents  the  ave 

determined by d i v i  J t h e  product of i.ts ins ide  surface 

01 representing 

o s i t i o n  of the  

over the wh 

deposit ion is one o r  two orders  of magnitude g rea t e r  tha 
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Fig. 12. 
of p o s i t i o n  along the  quartz g l a s s  tube and the  t i m e  from mixing. 

bpe r imen ta l ly  determined scale deposit ion rates as a function 

* molecular deposit ion of dissolved si l ica under similar conditions. This ~ 

conclusively demonstrates that the  dominant mechanism of s ca l e  formation 

under these  conditions involves deposit ion onto the  tube w a l l  of c o l l o i d a l  

s i l ica  formed i n  the  l i q u i d  phase. 

The deposit ion rate is high a t  f i r s t . a n d  drops of f  rapid1 

Comparing this data  t o  the  curves of d i s tance  along the  tube. 

presented i n  Figures 2, 3 and 4 shows that the decrease i n  sca l ing  rate is 

roughly p a r a l l e l  t o  the decrease i n  dissolved s i l ica  concentration. Because 

only a modest f r ac t ion  of the  c o l l o i d a l  s i l ica  t h a t  i s  formed i n  the  b r ine  i s  

- 

deposited as scale, the  decrease i n  co l lo ida l  s i l ica  suspended i n  

with t i m e  cannot be the cause of the  rapid drop-off i n  the  dep 

We conclude the  rate of molecular depos i t ion  must con t ro l  the  

rate under these conditions. 

b r ine  

c, 

* By "molecular deposition" we mean the deposit ion of dissolved s i l i c a  onto 

a s o l i d  surface one molecule a t  a time. See Weres, et  al .  (1980) regarding 
7-  

t he  nature and k i n e t i c s  of t h i s  process. 
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EFFECT OF pH ON SCALING RATE od 10-5 
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Almost c e r t a i n l y ,  the  f i r s t  ste involves the  

of c o l l o i d a l  and "clrrmps*' formed ' in t he  l i q u i d  

phase t o  the  

f loccu la t ion  i n  the  l i q  

ed and t h e  depos i t  made s o l i d  by molecular-deposit i  

between the  particles. This model of the  sca l ing  p 

proposed by Iler (1973, 1975 a). 

e wall by e l e c t r o s t a  cal t o  those t h a t  cause 

phase. The p a r t i c l e s  are then permanently attach- 

dissolveP silica 
s was o r i g i n a l l y  

P r a c t i c a l l y  speaking, Figure 12 shows that aging newly flashed b r i  

f o r  t h ree  t o  f i v e  minutes sh d s u f f i c e  t o  g r e a t l y  reduce the  sca l ing  

. 

f u r t h e r  along i n  the  system. 

Figure 13 show he e f f e c t  of pH on the deposit ion rate i n  the  first 
Between pH 6.95 and 7. t h ree  tube segments. 

deposit ion rate i s  C 
deposit ion under s i m  

A3.2) .  This means that the  trend c f u l l y  extrapolated 
t o  a t  least mod l y  lower pH V a l  t- pH values below ' 

6.95 were attempted because of 

ab le  t o  i ts  effect 

conditions (see Wer 

l i n g  rates i n  t h i s  



range. 

probably b a r b i t a l  a leate o r  maleate a l l  the addi t ional  

developmental e f f o r t  and r i s k  of inconsis  

The unexpectedly lower deposi t ion rates o 

7.50 may o r  may not be cor rec t ;  they were not ver i f ied .  

Also, such work wouldlave required a d i f f e ren t  buffer  system - 

s t h a t  would &e entai led.  

i n  the  one experiment a t  pH 

Figure 13 suggests t h a t  even a moderate pH decrease mAy b e  

i n  cont ro l l ing  si l ica sca le  deposition.? For example, extrapolat ing the  trend 

t o  pH 6.5 suggests that a t  this pH the  deposi t ion rate w i l l  be only about 

one-fourth of tlkt at  pH 7.35. 

4 

This i s  discussed’fur ther  i n  Section 11. 

S10 The Morphology of S i l i c a  Scale 

Figure 14 presents  scanning e lec t ron  micrographs of samples of silica 

depos i t s  obtained 
The samples were co l lec ted  by IIE personnel during tests of low pressure steam 

separators ,  and a l l  c a m e  from ins ide  the test uni ts .  All  three specimens 

are es sen t i a l ly  pure Si02. 

energy dispers ion I~ . spectroscopy attachment .) 

Figure 14 (a) shows a s o f t  and f lu f fy i ,+ i t e  powder. This is  bas ica l  

d r ied  f locculated co l lo ida l  . .  silica. There is  l i t t l e  i f  any chemical ceme 
t i o n  between the pa r t i c l e s .  

R. Hurtado J. of the IIE laboratory a t  Cerro Prieto.  

(This w a s  determined using the micrsocope’s 

i . . ) .  ;. . .  . .  * 

The f i n e s t  d e t a i l  v i s i b l e  i n  the photograph is , . 1 7  

on the  scale of about 100 nm, and t h i s  suqgests that the ul t imate  p a r t i c l e  

s i z e  is. about t h i s  o r  smaller. 
I i .  

This material most c lose ly  resembles the ,. . 
c b! ’ .  . - . .  

f locculated si l ica produced i n  the  si l ica removal experiments discussed i n  

., Sections 3 t o  5. 
J 

Figure 14 (b) shows the broken edge of “ typical”  so l id  s i l i c a  scale. .., I t ’ ”  
- ‘  ~ 

As i s  commonly the  case a t  Cerro P r i e to  and elsewhere, this specimen was 

s t r a t i f i e d ,  w i  

i n t o  g so l id  b 

t h a t  process is * <. , . ;  
too slow t o  form scale depos i t s  i n  a short  time under these conditions. Also, 
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Figure 14 
S i l ica  Deposits from Low Pressure Steam Separators 

XBB 801-688 (b) XBB 801-689 (a) 

(a) Light, porous white powder. 

(b) Stratified, medium density, 
it; "typical" s i l i c a  

t glass-like material. 

electron micrographs. 

XBB 801-690 
( 4  
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Figure 15 

"Vitrified Scale" from a Low Pressure Brine Discharge Line 

XBB 801-685 (a) XBB 801-686 
(b) 

Transition from "floclike" 
to  "vitreous" scale morphology. 

"Floc 1 ike" mat er i a l  being 
converted to "vitreous" by 
dissolved s i l i c a  deposition. 

"Vitreous" material with 
residual cavit ies .  

XBB 801-687 

(c) 
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b./ on a macroscopic scale, t h i s  specimen shows obvious,ripple-like "depositional 

s t ruc tures**  tha t  iou ld  only b e  been formed by hydrodyn 

deposit ion of c o l l o i d a l  p a r t i c l e s  o r  clumps. 

i c a l l y  controlled 

Figure 15 a l s o  i l l u s t r a t e s  the  progression from floc-like t o  glass-l ike . deposits.  

magnifications. 

v i t reous  looking inhomogeneous black material. 
b r ine  discharge l i n e  of a low pressure steam separator,  near the  separator. 

The specimen cons i s t s  mostly of Si02, but parts of i t  a l s o  contain s ign i f i -  

cant concentrations of i r o n  and other elements (determined by e l ec t ron  disper- 

s ion  spectroscopy) . 

A l l  t h r ee  p i c tu re s  a re 'o f  the  same specimen, but taken a t  d i f f e r e n t  

Macrosco,pically, the  sample i s  a l i g h t ,  porous, but l o c a l l y  
4 

It was col lec ted  from the 

Figure 15 (a) .shows both " f loc l ike"  and " reous** areas and the  

t r a n s i t i o n  between them. 

which was gradually being " f i l l e d  in" by molecular deposit ion of dissolved 

si l ica on what appears o r i g i n a l l y  t o  have been a f l o c l i k e  mate 
i n  Figure 14 (a). 

except f o r  some res idua l  cavities. 

Figure 15 (b) i s  a closeup of a "floclike" area 

~ 

Figure 15 (c) shows a "vitreous" area 

Figure 16 shows typ ica l  "synthetic scale" samples produced i n  the  

experiments,discussed , i n  Sections 8 and 9 .  

t h e  same specimen which was taken from the  

used i n  an experiment at  pH 7.35, 

Figures 16 (b) and 16 (d) show' 

st (downstream) tube segment 

(a) shows sca le  deposited Figure 1 

same experiment. Figure 16 (c) 

en t  used i n  an experiment at  pH. 
a lues  may be compared because 

Figures 16 (a) an 

owdery material shown i n  
c 

; 

i n  Figure 16 (c), t he  

bd 
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Figure 16  

"Synthetic" S i l i ca  Scale 

XBB 801-692 XBB 801-691 
(a) Scale from f i r s t  (upstream) (b) Last (downstream) tube segment. 

tube segment, pH 7.35.  Same experiment a s - ( a ) .  
XBB 801-694 

kd 

(c) First tube segment, pH 6.95. (a) Same specimen as (b) .  



s e t t l e d  on the  bottom of the  tube. 

s.) i n  t he  downstream tube se 
Figure 16 (d) is  demonstr by t h e  "glow" i n  t 

the i n a b i l i t y  of sputtered gold t o  render a very poorly consolidated specimen 

(This is commonly v i s i b l e  t o  the  naked eye 

The' weaker cementation of the material i n  

age, which is  caused by 

bi 

. conductive enough td pre  t-charge buildup. It i s  s t r i k i n g  how l i t t l e  the-  

appearance of these  spec s varies with m a  
8 

S 1 1  The Equilibrium Chemistry of Cerro P r i e t o  Brines 

As was previously discussed, adding lime t o  increase br ine  pH'appears 

t o  be a promising meth 

t o  re in jec t ion .  

f o r  removing suspended si l ica from the  br ine  p r i o r  

However, increasing t h e  pH carries the r i s k  of , /  causing the  

p r e c i p i t a t i o n  of carbonate minerals. 

b r ine  pH t o  reduce si l ica sca l ing  i n  the  low pressure steam 
carries the  r i s k  of inducing the  p rec ip i t a t ion  of s u l f a t e  minerals. 

Using s u l f u r i c  ac id  t o  decrease the 
, -  

To evaluate these p o s s i b i l i t i e s  we studied the  acid-base chemistry of 

Cerro P r i e t o  b r ine  and t h e  s o l u b i l i t y  of carbonate and s u l f a t e  minerals i n  
it. We used a com er program that calculates the equilibrium chemical ' 

proper t ies  of a b r ine  of given chemical composition and enthalpy a t  a given 

pressure. It resembles other such programs closely. It is ca l l ed  HITEQ, and 

i s  an adaptation o 

t o  model the  chemistry of geothermal power plant condensat 

nother program that was o r ig ina l ly  developed by 0. Weres 

. The basic assumption is that of f u l l  thermodynamic hemical equi- 

l ibrium i n  and between the  l iquid and gas phases. (HITEQ does not model t h e  

p r e c i p i t a t i o n  and d i s  the  enthalpy a 
chemical composition 

u t ion  of s o l i d  phases.) Depending 

the  system and t h e  pressure spec i f ied ,  t he  

consfist of a l i q u i d  phase only, a vapor phase only, o r  bo 

two-phase s i t u a t i o  he l i q u i d  phase contains dissolved g 

non-volatile components, and the  vapor phase is  a mixture of steam and o ther  

gases.. The liquid-phase d i s soc ia t ion  and complexing . .  reac t ions ,  and the  common 

I n  a typ ica l  

a 

a logarithms of t h e i r  equilibrium constants,  included i n  HITEQ are l i s t e d  i n  

Table 6.  

ca lcu la ted  using Henry's Law (Table 7). 

common logarithms of t h e i r  s o l u b i l i t y  product6 a t  100°C, are l i s t e d  i n  Table 80 

The p a r t i t i o n  of gases between the  l i q u i d  pnd vapor phases i s  
The mineral phases,in SILNUC, and the  
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l e  6 

Solution Phase Equilibria i n  HITEQ 

R e a c t i o n  log K(lOO°C) 

NH3 + H 2 0  = NH4' + OH' 

H2S = HS' + H+ 
i B 4 S i 0 4  = HgSi.04' + €I+ 

~ 3 ~ 0 3  = ~ 2 ~ 0 3 -  + H+ 

co2 + 320 = ~ ~ 0 3 -  + H+ 

~ ~ 0 3 -  = ~ 0 3 2 -  + H+ 

HCO3' + N a +  = NaHC03 

HCO3- + ea2+ = CaHC03+ 

HCO3- + Mg2+ = MgHC03+ 

HC03- + Ba2+ = BaHC03' 

HCO3- + Sr2+ = SrHC03' 

C032' + N a +  = NaCO3' 

~ 0 3 2 -  + C a 2 +  = C ~ C O ~  

H 2 0  = OH' + H+ 

co3 2- + Mg2+ = MG03 
C032' + Ba2+ = B a C 0 3  

~ 0 3 2 -  + Sr2+ = S ~ C O ~  

+ N a +  = NaS04' 

~ 0 4 2 -  + K+ = ~ ~ 0 4 -  

5042' + C a 2 +  = cas04 

S042' + Mg2+ = MgSO4 

SOq2' + Ba2+ = B a s 0 4  

5042- + Sr2+ = S ~ S O ~  

b 

-4 . 868 

-6.624 

-9.097 

-8.950 

-12.257 . 

-6 454 

1 450 

1.253 

2 268 

2 414 

1.209 

3.716 

3.460 

2.851 

3.257 

0.926 

1 261 

2 666 

3 . 089 

2.216 
c 2.509 

H2SO4, HCl ,  NaOH, KOH, C a ( O H ) 2 ,  Mg(OH)2,  etc., are assumed t o  be 
completely dissociated. 

. .  
, .  - ' I  
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Table .7 

Gas - Liquid Equilibria in HITEQ u 

c 



The p a r t i a l  p ressure  of steam i n  t h e  vapor phase i s  taken t o  be t h e  sa tu ra t ion  

pressure  of water a t  t h e  ca lcu la ted  temperature. (The thermodynamic proper t ies  

of pure water are used i n  HITEQ, 

one a t  t h e  moderate s a l i n i t y  of Cerro P r i e to  br ine.)  Ion a c t i v i t y  coe f f i c i en t s  

a r e  ca lcu la ted  using a simple version of t h e  extended Debye-HGckel Theory. 

data  base covers t h e  range 0-30OOC. 

This is  a n  approximation, bu t  an acceptable  

The 

HITEQ's output includes: t h e  temperature, the s p e c i f i c  enthalpies  and mass 

f r ac t ions  of l i q u i d  and vapor, t h e  partial pressures  of steam and o ther  gases 

i n  t h e  vapor phase, t h e  concentrations of t h e  various gases, ions,  and complexes 

i n  t h e  l i q u i d  phase, pH,  i on ic  s t rength,  and t h e  sa tu ra t ion  ratios of t h e  car- 

bonates and s u l f a t e s  of calcium, strontium, and barium. 

HITEQ and t h e  chemical model t h a t  is embodied i n  it w i l l  be described i n  

detail elsewhere ( I g l e s i a s  and Were, r epor t  i n  preparat ion)  . 
F i r s t  w e  used HITEQ t o  compute t h e  chemical equilibrium state of a repre- 

s e n t a t i v e  Cerro Prieto br ine  (Table 9) .  (This b r ine  corresponds t o  the "Low Ca" 

b r i n e  of Table 1.) The pH of t h e  "unmodified" b r ine  was taken t o  be 7.35. 

S t a r t i n g  o u t  with t h i s  "unmodified brine",  w e  either increased t h e  p H  by 

adding l i m e  ( C a ( O H ) 2 )  or decreased it by adding H2SO4. 

t h e  concentration of dissolved Si02 was assumed t o  have been reduced t o  500  

ppm by its conversion to co l lo ida l  silica.) The ca lcu la ted  sa tu ra t ion  r a t i o s  

( I n  these ca lcu la t ions ,  

f o r  t h e  s i x  important minerals as a funct ion of pH a r e  presented i n  Figure 17. 

(The sa tu ra t ion  r a t i o s  f o r  a ragoni te  and gypsum are not shown here  o r  i n  t h e  

following Figures, because they always l i e  j u s t  below t h e  sa tu ra t ion  r a t i o s  

f o r  c a l c i t e  and anhydrite,  respect ively.  ) 

The r e s u l t s  i n  Figure 17 i n d i c a t e  t h a t  t h e  "unmodified" b r i n e  i s  already 

supersaturated r e l a t i v e  t o  t h e  t h r e e  carbonate minerals. However, carbonate 

p rec ip i t a t ion  from t h e  f lashed  b r i n e  a t  Cerro P r i e t o  has  not  been reported. 

E i ther  t h e  p rec ip i t a t ion  of t h e  carbonate minerals is hindered by k i n e t i c  

f ac to r s ,  etc., o r  t h e  t h e o r e t i c a l  p red ic t ions  of HITEQ a r e  inco r rec t  f o r  

s o m e  reason. This discrepancy between theory and empirical observation 

should be cleared up. In  t h e  meantime, t hese  t h e o r e t i c a l l y  ca lcu la ted  

mineral s a tu ra t ion  ratios must be used with due caution. 

LJ 

t 
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TABLE 9 

"Typical Cerro P r i e t o  Brine" Coniposition 

PPm molal 

Na 6610. .288 

K 1436 0 003 

- 1.2 oOOOO5 Mi3 

Ca 328 0008 
. .  

Sr .00018 

Ba 11.3 .000082 

B 11 . 0001 

11970 340 , 
'44 . . 001 . co2 

s o p  9.6 .0001 

s i02  500 (1000)* .OO8 (.016) 

pH (100OC) 7035 

* The t o t a l  amount of Si02 i n i t i a l l y  present i n  the  br ine  is about 1000 
ppm. 
opposed t o  co l lo ida l  s i l ica  i n  suspension) plays a r o l e  i n  t h e  acid-base 
chemistry of t h e  brine. 
t o  about 500 ppm a f t e r  t h e  b r ine  

However, only that portion of it that is actually in solution (as 

The dissolved s i l ica  concentration rapidly drops 
been f lashed  down t o  bar and 100°C. 

. .  . .  

. .  . . .  
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I n  any case, if t h e  p r a c t i c a l  need w e r e  t o  a r i s e ,  t h e  high sa tura t ion  Lf 
r a t i o s  of t h e  carbonates could be decreased by decreasing . t he  concentrations 

of bicarbonate and carbonate i n  t h e  brine.  

adding acid t o  t h e  br ine  between t h e  f i r s t  and second s t age  steam separators  

(Figure 18). 

decreasing t h e  b r ine  pH (Figure 19),  and then t h e  C02 is  s t r ipped  a u t  of t h e  

b r ine  by t h e  second s t e a m  separation process. 
pressure assumed r e f l e c t s  current  prac t ice ;  s e e  Alonso, et a l .  , 1979.) 

This could be  accomplished by 

Adding ac id  s h i f t s  t h e  HC03-CO2 equilibrium toward C02  by P 

(The f i r s t  s t e a m  separator  
* 

When t h e  br ine  i n  Table 9 is  "recombined" a t  6 bars  with t h e  s t e a m  t h a t  

it was separated from i n  t h e  second f l a s h  stage,  i ts  temperature increases t o  

159OC and its pH decreases t q  7.02. ( I n  t h i s  ca lcu la t ion  it is assumed t h a t  

a l l  of t h e  Si02 remains i n  solut ion.)  I n  t h i s  "unmodified" s t a t e  t h e  

equilibrium r a t i o s  of t h e  t h r e e  forms of carbon dioxide are C02 : HCOS : 

CO: :: 0.220 : 0.773 : 0.007. Figure 19 shows how t h e  p a r t i t i o n  between 

HCO3- and C02 var ies  with pH when H2SO4 is  then added. A t  PH = 5, C02  : 

HCO; :: 0.961 : 0.039. The f r ac t ion  of t h e  t o t a l  carbon dioxide present  as C02 

i n  t h i s  s ta te  is  approximately t h e  amount t h a t  would be s t r ipped  off by 

subsequent f lashing.  

t h i s  value is  0.6 millimoles per  kg of b r ine  (60 ppm). We do not a n t i c i p a t e  

t h a t  t h i s  moderate pH decrease would s ign i f i can t ly  increase corrosion problems. 

The ca lcu la ted  sa tu ra t ion  r a t i o s  of t h e  s u l f a t e  minerals as a function of pH 

when s u l f u r i c  ac id  is  added a t  t h i s  tgnperature  a r e  presented i n  Figure 2 0 .  

It appears t h a t  t h e  s o l u b i l i t y  of b a r i t e  may l i m i t  t h e  use of inexpensive 

t12SO4 f o r  t h i s  purpose. 

The amount of s u l f u r i c  ac id  required t o  lower t h e  pH t o  

Taking b r ine  a c i d i f i e d  t o  pH 5 with H2SO4 a t  159OC and f l a sh ing  it 

w e  f i n d  t h a t  t h e  pH a t  1 bar is 6.34 and t h a t  t h e  t o t a l  amount of carbon 

dioxide and bicarbonate remaining i n  t h e  l i q u i d  phase is reduced t o  3 x 

mmole/kg. 

mineral s a tu ra t ion  r a t i o s  is  shown i n  Figure 21. 

with t h e  carbonate minerals has been avoided. 

sa tura ted  with bar i te .  

s u l f u r i c  acid with hydrochloric acid,  but a t  increased chemical cost .  The 

The e f f ec t  of then  adding l i m e  t o  increase t h e  b r ine  pH upon t h e  

W e  see t h a t  supersaturat ion 

However, t h e  b r ine  is super- 

This may be avoided by replacing a l l  o r  p a r t  of t h e  

amount of Ca(OH)2 needed t o  increase  t h e  pH of 

7.8, as required t o  f loccu la t e  t h e  silica, w a s  

which corresponds t o  28 ppm CaO. ( I n  t h i s  p a r t  

t r a t i o n  of Si02 i n  t h e  b r ine  w a s  again assumed 

t h e  separated b r ine  t o  about 

found t o  be about 0.5 mmole/kg, 

of t h e  ca lcu la t ion  t h e  concen- 

t o  be 500 ppm.) 
L 
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Saturation ratio vs. pH for a 
typical separated Cerro Prieto brine 

rf 

s 

I I I I I I ,  
5 6 7 8 

X8L 7912-13481 
PH 

Fig. 17- The vertical line indicates the pH of the "unmodified" brine. 
pll is-increased by adding lime, and decreased by adding sulfuric acid. 

CO,-HCO; Equili briae at f i rst separator 

A possible C02 removal scheme I I I I I 

-LO - - 

0,8 - - 

5 0.6 - 
E 0.4 - - 

- 
.- 
t 
V 

0.2 - XBL 7912-13484 
- 

0 -  - (  

I I I I I 
5 '  6 7 Fig. 18. Eliminating bicarbonate from 

first and second stage steam separators. XBL 7912-13483 
the brine by adding acid between the PH 

Fig. 19. Effect of adding acid to 
brine exiting the first steam separator. 
Vertical 1ine.indicates pH of unmodified 
brine. 

I 
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I 1 I I I - - 
T = 159°C 

I I 1 1 -  

Barite 

Barite 
- - 
. 

Anhydrite - 

- 

XBL 7912-13480 

Fig. 20. Effects of adding sulfuric acid on the saturation ratios of the 
sulfate minerals. 

Saturation ratios at second separator 

I 

XBL 7912-13482 

Fig. 21. Effects of then adding llme to the flashed brine at atmospheric 
pressure. 
its pH has been lowered to 5 at 159OC. 

Vertical line indicates the pH of the brine at 100°C after 
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U I f  both acid and lime a r e  t o  be used, t h e  lime should be added t o  t h e  ' 

br ine  i n  two doses. 

, it enters  t h e  aging tank t o  increase its pH t o  about 7.1. 

rapid polymerization, bu t  would avoid premature f loccula t ion  i n  t h e  aging 

tank. 

then be added t o  t h e  mixing tank between t h e  aging tank and t h e  c l a r i f i e r  a s  

before. 

F i r s t ,  enough l h e r s h o u l d  be added t o  t h e  br ine  before 

This would cause 

a The rest of t h e  lime needed t o  increase b r ine  pH t o  about 7.8 would 

., 
Assuming t h a t  20 kg of separated b r ine  is t o  be t r ea t ed  per kWh gene- 

ra ted ,  w e  estimate t h a t  t h e  amount of H2SO4 needed would cos t  about 2 . 0 ~ 1 0 ' ~  

US$ kwh'l; t h e  cos t  of an equivalent'amount of HC1 would be 2 . 1 7 ~ 1 0 ' ~  US$ 

kwh'l. 

These'estimates a r e  based on typ ica l  US West Coast bulk chemical pr ices  

quoted i n  t h e  Chemical Marketing Reporter of January 21, 1980. 

assumed were: 

US$ 62.50 ton'' f o r  1 8 O  Baume HC1 (29% by weight-HC1) i n  tanks; and US$ 32.50 

ton'l €or  quicklime (CaO) i n  pebble form, i n  25-ton l o t s .  

" a t  t h e  works." 

somewhat. 

The cos t  of t h e  lime would be 2 . 0 ~ 1 0 ' ~  US$ kWh" i n  e i the r  case. 

The p r i ces  

US$ 15 ton'l f o r  smelter grade 100% H2SO4 i n  tankcars; 

These are p r i ces  

The cos t  of shipment t o  Cerro P r i e to  would increase  them 

(US tons assumed throughout t h i s  paragraph.) 

These ca lcu la t ions  suggest t h a t  t h e  proposed scheme f o r  pre in jec t ion  

b r ine  treatment a t  Cerro P r i e t o  is both technical ly  and economically feasible6 

I f  increasing t h e  pH does indeed cause p rec ip i t a t ion  of carbonates, t h i s  

problem may be eliminated a t  reasonable cos t  by adding acid. Adding ac id  

i n  t h e  amount and p lace  appropriate  t o  t h i s  purpose would a l s o  reduce t h e  r a t e  

of s i l i c a  sca l ing  i n  t h e  low pressure  steam separators and associated piping 

by fourfold o r  b e t t e r  ( s e e  Section 9 above). 

These conclusions must, of course, be  t e s t e d  i n  t h e  f i e l d  by means of 

appropriate  p i l o t  scale experiments. 
. -  * 

Q 
ed t h a t  t h e  chemistry of s i l i c a  i n  Cerro P r i e to  

t h e  laboratory using synt 

e vary grea t ly  w i  i t s  composition, . 
g ac tua l  brines. However, 

e good enough t o  allow p r a c t i c a l  
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b br ine  treatment processes t o  be proposed based on them, and t o  cont r ibu te  t o  

t h e  planning of a w e l l  defined program of p i l o t  p l an t  s tud ies .  

The same techniques could be applied t o  t h e  study of s i l i c a  chemistry i n  

o ther  si l ica r i c h  geothermal br ines  t h a t  p r e c i p i t a t e  r e l a t i v e l y  pure amorphous 

s i l i c a .  These include t h e  br ines  a t  Wairakei and Broadlands (New Zealand), Los 
a 

Azufres (Mexico), and Baca s i te  (USA) .  
P 

The de ta i l ed  conclusions and recommendations i n  t h i s  repor t  a r e  s p e c i f i c  

t o  Cerro Prieto.  

individual  w e l l s  i n  one f i e l d  can be g rea t  enough t o  make a treatment 

t h a t  works with b r ine  from one w e l l  not  work with t h a t  from another. 

d i f fe rence  between d i f f e r e n t  f i e l d s  is so l a r g e  t h a t ,  f o r  a l l  p r a c t i c a l  

purposes, t h e  problems a t  each f i e l d  must be addressed separately.  Of course, 

t h i s  is not t o  say t h a t  t h e  experience gained and inethodology developed i n  one 

p lace  cannot be t r ans fe r r ed  t o  another. 

Experience has shown t h a t  even t h e  va r i a t ion  between 

The 

. 

Our l imi ted  e f f o r t  t o  study t h e  p rec ip i t a t ion  of calcium carbonate from 

syn the t i c  C e r r o  Prieto b r i n e  was unsuccessful. (See Appendix 2 ) .  This is  a 

t r i c k i e r  experimental challenge because of t h e  v o l a t i l e  na ture  of carbon 

dioxide and because heterogeneous nucleation is probably important i n  t h e  

case of carbonates. However, properly designed and ca re fu l ly  executed experi- 

ments with synthe t ic  br ines  should be a b l e  t o  address t h i s  problem a s  w e l l .  

The same consideration appl ies  t o  t h e  o ther  carbonates and su l f a t e s .  
\ 

Our attempts t o  t h e o r e t i c a l l y  model t h e  equilibrium chemistry of Cerro 

Prieto br ines  produced mixed r e su l t s .  Our ca lcu la t ions  ind ica t e  t h a t  unmodi- 

fied f lashed Cerro Prieto b r ine  is  supersaturated with c a l c i t e  and o ther  

carbonate minerals, bu t  p rec ip i t a t ion  of carbonates i n  t h e  wastewater system 

a t  Cerro P r i e to  has not been reported. 

immediately useful  r e s u l t s  t o  be expected from such ca lcu la t ions  a t  t h i s  

Overall, w e  f e e l  t h a t  t h e  only 

time are theo re t i ca l ly  ca lcu la ted  t i t r a t i o n  curves. These are indeed useful  m 

for predic t ing  t h e  cos t  of modifying t h e  pH of t h e  brine.  

s o l u b i l i t i e s  and sa tu ra t ion  ratios can only be considered t o  express " the  

p o t e n t i a l  f o r  precipi ta t ion".  

Calculated mineral 

A s i d e  from t h e  usual problems of bad and/or incomplete data ,  w e  be l ieve  

t h a t  t h e  uncertain qua l i t y  of such theo re t i ca l  p red ic t ions  is i n  l a r g e  

measure due t o  t h e  inadequate and incons is ten t  theor ies  of strong, mixed 

e l e c t r o l y t e  so lu t ions  now i n  common use. Each author uses h i s  own version t l  
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.ki of these  theor ies  t o  f i t  h i s  experimental data  or perform h i s  calculations.  

Because of t h i s ,  t h e  data  i n  t h e  various data  bases is simply inconsistent.  

The worst part  of a l l  t h i s  is t h e  introduct ion of numeqpus "ion pairs",  which 

may or may not ac tua l ly  ex i s t ,  i n t o  these  models t o  compensate f o r  t h e  bas ic  

inadequacy of t h e  e l ec t ro ly t e  theory employed. The values f o r  t h e  formation 1 

constants of t hese  "ion pairs" t h a t  are "determined*' or "derived" or j u s t  
assigned by various authors  sometimes d i f f e r  by orders of magnitude. 

(1973) powerful new theory appears t o  be a promising a l t e r n a t i v e  t o  a l l  

t h i s .  This theory is ab le  t o  accurately f i t  t h e  properties of s t rong  elec- 

t r o  l y t e  so lu t ions  with few parameters and without recourse t o  "ion pairs". 

c 
Pi t ze r ' s  

I n  t h i s  area of geothermal chemistry as i n  others ,  t h e r e  i s  a great need 

f o r  carefu l  comparison and reconci l ia t ion  of t heo re t i ca l  predict ions,  labora- 

t o ry  data,  and f i e l d  observations. 
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Appendix 1 Continuous Silica RecharRe Experiment 

It is of considerable practical interest to study the interaction 
of dissolved silica with pre-existing flocculated colloidal silica, as in a 
reactor clarifier. 
purpose and believe that it produces Val 
the opportunity to properly verify these results or to work with the techni- 
que enough to fully appreciate its possibilities and limitations. 

We developed an experimental method suitable for this 
results. However, we did not have 

It would not be practical t o  accumulate flocculated silica from a 
large volume of flowing synthetic brine, as actually happens in a reactor- 
clarifier. 
beaker and gradually added concentrated "silica recharge solution" to it 
(using a peristaltic pump) without otherwiae 

Instead, we prepared a small vo of synthetic brine in a 

ging its composition . 
e a silica removal experi- The experiment was initially set up just 

ment of the kind discussed in Sections 3 to 5 .  The synthetic brine used was 
formulated to resemble the High Ca synthetic brine of able 1, except that 
the barbital concentration in it was five times higher (0.1 M instead of 
0.02 M). 

A 0.2-L volume of this synthe brine containing 1.0 g L'I dissolved 
Si02 was constituted in the usua 
allowed to sit undisturbed for ten minutes to let the dissolved silica 
concentration drop to a nearly steady state Val 
was initiated by turning on the peristaltic punp 
one basic - were continuously added to the brin 
stirring. The basic stream con 
contained 10.2 g L-1 dissolved 
HC1 to neutralize the basic str des of sodium, 

potassium, and ca 
those in the synthetic 
the synthetic brine at 

y and its pH measured. It was then 

Then "silica recharge" 
ams - one acid and 

then on with rapid 
ted of a sodium metasilicate solution that 

ontained sufficient 

ntrations were double 
f barbital put into 

.slight mismatch b 
the pH, 

The net effect of running th 
brine was to add to the beaker 
content was identic aker, but which 
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b contained a much higher dissolved silica.concentration and no barbital. In a 

mass balance sense, this is actually equivalent to what goes on in a reactor- 
clarifer. 
added, and no clarified brine "overflows ." The only difference is that here much less water and salt are 

1 
At 'ten-minute intervals the s stopped, the time 

Then a sample of supernata 

corded, and the 

rine was drawn floc allowed to settle briefly. 

off with a 1.0-ml syringe for analysis 
was analyzed for. After 100 minutes the experiment was ended and the final 
reaction volume recorded. 

r. 

nd the pH measured. Only MAS 

The specific rate of deposition 6f dissolved silica onto colloidal 

silica in g ( 8  min)'l was determined from the data as follows:. 
First we calculated as functions of time 

V = The volume of solution = Vi + fetr 
Qt = total amount of silica present = CiVi + Crfrtr 
Qd 
Qs = solid or colloidal silica = Qt - Qd 
where 

Vi = the initial volume = 200 m l l  

total amount of dissolved silica = Cv = c(vi + fetr) 

fr = flow rate of each recharge stream = 0.5 ml min'l 
fe = total "effective flow rate," corrected for evaporation losses 

tr = cumulative time duration of pumping 

Ci = initial silica concentration in Vi. 
Cr - concentration of silica in the basic recharge stream = 0.1692 M = 

10.17 g L-1 

C 
Although the total inflow rate was 1.0 ml min-1, evaporation lead to a 

= empirically determined MAS concentration 

significant loss of volune. After 100 minutes the increase in volume should 

have been 100 ml, but the measured increase was 70 ml. 

rate" fe of 0.7 ml min'l, and this value was used to calculate Qd. 

It was assumed that 
4 

the evaporation occurred at a stant rate. This gave an "effectiv'e flow 

G 

V, Qt, Qd, and Qs were calculated for each sample point. 
Then 

dQs/dt = dQt/dt dQd/dt = 

Rs - the specific reaction rate = QS'l dQs/dt 

In practice, since only a finite number of concentration measurements d 

\ 
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CONTINUOUS RECHARGE EXPERIMENT 
1 '  I I 
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Fig. Al. MAS concentration and t 
amount of colloidal silica present as a 
function of tine from start of recharge. 

"Reciprocal" is that of the 
"Specific Deposition P,ate". 

were made, ratios of finite differences were used in place of derivatives: 
Abs/At AQt/At - AQ,j/At frCr - A(VC)/At 
Rs ~ Qs AQs/At 
This >calculation was performed for each interval between sample points. 
The experimental and calculated rqsults from an experiment of this 

sort are presented in Figure A1 and A2. The empirical values of C and 
lues of Qs are presented in Figure Al.. C remains essentially 

ases linearly with ti constant, and Qs in 
"recharged" silica was converted to colloidal silica by molecular deposition 
on preexisting particles at a constant rate. 

In other words, the 

The calculated values of Rs'and its reciprocal are presented in Figure 
The values of Rs are plotte as-horizontal bars rather than as points, A2. 

consistent with the finite diffe nce method used to calculate them. Each 
point represents a value of 
above the midpoint of the b 
R,. That these points "oscillate" abou fitted to them is 
an artifact of the finite difference -&lcdlation. 

plotted directly 
ponding value of 
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The rate of molecular deposit ion per un i t  surface area was  approximately 

constant throughout the  experiment because both MAS concentration and pf! 

were approximately constant. 

deposit ion evident i n  Figure A1 ind ica tes  t h a t  the t o t a l  sur face  area of t he  

co l lo ida l  si l ica present remained approximately constant as w e l l .  

the  t o t a l  amount of co l lo ida l  s i l ica  increased with t i m e ,  t h i s  means t h a t  t he  

spec i f i c  surface area of the  co l lo ida l  s i l i c a  ( t o t a l  A/Qs) decreased with 

t i m e .  This is a l s o  indicated by the decrease of Rs which is proportional 

Therefore, the constant t o t a l  rate of molecular 

Because 

t o  A/Q,- 

I f  the  number of co l lo ida l  p a r t i c l e s  present were constant,  the  t o t a l  

surf  ace area would grow as approximately Qij3 . The approximately constant 

surface area indicates  t h a t  t he  number of p a r t i c l e s  decreased with t i m e .  

This decrease was  probably due to  the  fusion of pa i r s  of p a r t i c l e s  (see Weres 

e t  al.,  1980, Section 3.12). No new p a r t i c l e s  were formed a f t e r  s i l i c a  

recharge was i n i t i a t e d  because the  s i l i c a  sa tura t ion  r a t i o  remained too low 

f o r  homogeneous nucleation t o  occur. 

Introducing the  simplifying approximation tha t  a l l  of the p a r t i c l e s  

are spher ica l  and of about t he  same s i z e ,  i t  is easy t o  show t h a t  the  number 

of p a r t i c l e s  varies as QS2 and t h a t  t h e i r  average radius  is proportional t o  

Qs. 
Thus, RZ1 should be proport ional  t o  Qs. Comparing the p l o t s  of Qs and RE1 
i n  Figures A 1  and A2, we see t h a t  t h i s  is t r u e  within the  accuracy of t he  

data;  both Qs and RE1 vary l i n e a r l y  with t i m e ,  and both increase by about 

the  same fac to r  over 60 minutes. 

Also, t he  radius  is proportional t o  (A/QS)-l and, therefore ,  t o  RE1. 

The p rac t i ca l  implication of a l l  t h i s  is t h a t  sludge r ec i r cu la t ion  may 

be ine f fec t ive  i n  reducing the dissolved s i l i c a  concentration i n  Cerro P r i e to  

br ine.  

increase the  sur face  area t h a t  is  ava i lab le  f o r  the  molecular deposit ion of 

dissolved s i l ica  because the  number of co l lo ida l  p a r t i c l e s  is cont inual ly  

being decreased by p a r t i c l e  fusion. 

c l a r i f i e r  would introduce addi t iona l  p a r t i c l e s  i n t o  the  sludge. This does 

not  happen i n  our experiment. However, these newly nucleated p a r t i c l e s  

may be too small t o  continue growing a t  the r e l a t i v e l y  low dissolved s i l ica  
concentration i n  the  reac tor -c la r i f ie r .  Only more sophis t icated laboratory 

experiments and/or f i e l d  tests can resolve t h i s  question . 

The reason is t h a t  rec i rcu la t ing  the  sludge does not appear t o  

A 

Of course, b r ine  coming i n t o  the  reactor- 
& 

c 
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i 

d 

bd 

t o  be supersaturated with calcite. 

simultaneous p rec ip i t a t ion  of calcium carbonate and amorphous s i l ica  from ' 

syn the t i c  brine. 

This l e d ' u s  t o  attempt t o  study the  

The synthe t ic  br ine  used i n  these experiments d i f f e red  from the  High 

Ca br ine  i n  Table 1 only i n  t h a t  i t  contained 1 mmole L'I of bicarbonate 

ion. 

carbonate t o  the  sodium metasilicate stock:soluton. The addi t iona l  amount of 

hydrochloric ac id  needed t o  convert the  carbonate t o  bicarbonate was added 

i n t o  t h e  ac id ,  buf fer ,  and s a l t  mixture. 

This was put i n t o  the  br ine  by adding the  appropriate amount of sodium 

This synthe t ic  br ine  was formulated i n  the  usual way and i ts  pH was  

increased a f t e r  about 30 minutes by adding NaOH. 

separated from the  f loccula ted  s i l i c a  by ,decantation, and f i l t e r e d  t o  c o l l e c t  

t he  s o l i d s  t h a t  remained i n  suspension i n  it. 

of the  "c l a r i f i ed  brine"'and the  f loccula ted  s i l ica  were then analyzed f o r  

t h e i r  calcium content. Only a trace of calcium was detected i n  e i t h e r .  This 

s m a l l  amount probably came from the  small amount of synthe t ic  br ine  t h a t  

remained with t h e  so l id s .  

The "c l a r i f i ed  brine" was 

Both the s o l i d s  f i l t e r e d  out 

This negative r e s u l t  may not have been meaningful. It is q u i t e  poss ib le  

t h a t  much of t h e  bicarbonate i n  the  synthe t ic  br ine  was l o s t  by the  escape of 

carbon dioxide during t h e  experiment. (This would not have s i g n i f i c a n t l y  

changed t h e  br ine  pH because of t he  presence of the  buffer.) This problem 

could be eliminated by running t h e  reac t ion  i n  a sealed,  completely l i q u i d  

f i l l e d .  container,  bu t  we did not do t h i s .  

In  any case, t h e  following a n a l y t i c  procedure was employed: 

The s o l i d s  on t he  f i l t e r  were washed i n t o  a 25-ml volumetric f l a s k  

with enough 0.01 N HC1 from a p i p e t t e  t o  f i l l  t h e  f l a sk .  

then analyzed f o r  calcium using an atomic absorption spectrometer. 

This so lu t ion  was 

The f lbccula ted  s i l i ca  was scraped and poured i n t o  two p l a s t i c  cen t r i -  

fuge tubes and then spun down. 

the  f l o c  i n  t h e  beaker had been t ransfer red .  

down f l o c  i n  each tube was  about 4 m l .  

This w a s  repeated seve ra l  times u n t i l  a l l  of 

The f i n a l  volume of t h e  spun 

The f l o c  i n  one tube was washed th ree  t i m e s  by adding 8 m l  of deionized 
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water and s t i r r i n g ,  then cen t r i fu  

above the p rec ip i t a t e  using a pip 

extracted three tines with 8 m l  of 0.01 M HC1 i n  a manner l i k e  the washing. 

The extract was placed i n  50.0-ml volumetric f l a s k s  and made up t o  volume 

with deionized water. 

g ,  and f i n a l l y  removing the water from 
e. Then the  f l o c  i n  each tube was 

The solut ion i n  each f l a s k  was then analyzed f o r  both calcium-and 

sodium by atomic absorpt ion spectroscopy. 

sodium i n  the  br ine  is known, determining the  sodium i n  the  f l o c  allowed us 

t o  approximately cor rec t  the  amount of calcium measured by subtract ing out 

Because the r a t i o  of calcium t o  

the  amount present i n  the br ine  entrained by the  f loc .  

removed most of the calcium and sodium t h a t  had been present i n  the  br ine  

entrained i n  it. Because there  was apparently no s o l i d  calcium carbonate 

present  i n  the f loc ,  we  were unable t o  determine whether or  n o t - t h i s  washing 

procedure would have dissolved away p a r t  of it. . 

than 1 mg L'l of s o l i d  calcium carbonate suspended i n  the "c l a r i f i ed  

brine," and less than 1X by dry weight of calcium carbonate i n  the  f loc.  

Washing the  f l o c  

W e  bel ieve tha t  these procedures are sens i t i ve  enough to  Oetect less 

s 
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