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INTRODUCTION 
i 

An important technical obstacle t o  the effec- 
t ive ut i l izat ion of the high-salinity brines of the 
Szlton Sea geothermal f ie ld  is the rapid precip- 
i tat ion of solids from the brine when i t  i s  cooled. 
These solids are  composed primarily of s i l i ca  with 
some iron oxides and lesser amounts of heavy metal 
sul fides--the composition depending on the temper- 
ature a t  which the brine i s  flzshed. Acidification 
o f  the brine from a natural pH of -6.0 t o  -4.0 has 
been shown to  significantly delay precipitation and 
scaling of brine handling surfaces -2 ;  however, 
th i s  has the dijadvantage of increasing corrosion 
rates. 

Even i F  dcidification is used to  control 
scaling, ttierc s t i l l  remains the problem of the 
neutralization of the acidified brine effluent 
by calcium r:!~ bonate i n  the infection reservoir 
into which the spent brine is pumped. 
the pH of the brine to  a value of 6.0 enhances the 
precipitation o f  the s i l i ca  and may cause plugging 
of the pores o f  the injection well. Thus we have 
been seeking a brine treatment method t h a t  will 
inhibit  the formation of solids (primarily s i l i ca ) ,  
not only i n  a processing plant, bu t  also when the 
brine comes i n  contact with the geologic formation 
of the injection well. 

the colloidal solids by means of organic compounds 
such as polymers and surfactants. Use of such 
materials has previously been considered p r i r i r i l y  
for  solids removal from spent fluids,3 and control 
of alkaline earth scales.4-6 b u t  no systematic 
studies of precipitation inhibition for geothermal 
brines, where s i l i ca  i s  the predominant species, 
have been reported. 

The review publications of Iler”* on the 
colloidal chemistry of s i l i ca  are  excellent start- 
i n g  points for choosing the types of compounds t h a t  
might be effective i n  i n h i b i t i n g  the precipitation 
of s i l i ca  from geothermal brine. Most of the 
emphasis i n  the l i t e ra ture  is on deliberate floccu- 
lation of the colloid 
however, i t  is know1 3,Fo t h a t  many compounds t h a t  
interact w i t h  colloidal particles a t  low surface 
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An approach now being tested is to  s tabi l ize  
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stabi l izers  a t  higher concentrations and higher 
surface coverages. 
were tested,  including both simple and polymeric , , . 
alcohols, ethers, aldehydes, carboxylic acids, ‘ ‘ 
mines,  amides, cellulcse derivatives, and ‘classes 
of ra te r ia l s  such as detergents, surfactants, pnd 
coupling agents. An inorganic phospate, M PO4, 
and a chelating agent EDTA, also were teste$. 

The ultimate goal of the Lawrence Livermore 
Laboratory (LLL) brine treatment study i s  t o  iden- 
t i f y  compounds t h a t  wi l l ,  a t  cost-effective con- 
centrations, i n h i b i t  scale and solids formation 
when added to  the brine a t  the high-temperature 
(~200’C) front end of the plant, The study re- 
ported here constitutes a preliminary. bench-test 
screening of 49 substances,.the most promising of 
which will be examined l a t e r  in on-line pi lot  plant 
studies. 
mixed wi.th hypersaline brine t h a t  had been acidi- 
fied t o  pH 4.0 2 0.3 and flashed to  1 atm, ~100”C, 
i n  the LLL Geothermal Field Test Apparatus near 
Niland, California. The rate  of disappearance of 
dissolved s i l i ca  from the treated brine was com- 
pared Hith the rate  for  untreated brine as a 
nxasure of the effectiveness of the additive. 
(Untreated br ine  i s  defined here as brine to  which 
only hydrochloric acid had been added.) 

Thus a variety of substances 

** 

In the present work the additives were 

EXPERIMENTAL METHODS 

The LLL Four-Stage Brine Flash System was 
operated from Magmamax No. 1 well, and the effluent 
brine from the final stage was used for the additive 
experiments. Variations i n  the flow rate  of the 
well cause the composition of the brfne to  change 
by 45%; i n  the present work the brine had the 
following average characterist ics:  4.2 chloride, 
22% total  dissolved solids,  530 mg/kg (ppm by wt.) 
SiOz, and 233 mg/kg iron. 

To t e s t  the effect  of an additive on the rate  
of precipitation of solids,  samples o f  the system 
effluent brine a t  a temperature of slOO°C were 
mixed w i t h  the t e s t  substance, usually to  achieve a 
final concentration of 50 ppm i n  the brine, i m -  
mediately sealed under high-purity nitrogen i n  
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s?ocial y lass ampoules, and thsn incubated a t  
93 2 5'C f o r  a per iod  o f  t iRe selected t o  d i f f e r -  
en t i a te  the t reated b r ine  from the untreated br ine .  
For tho pH 4.0 b r ine  t h i s  t ic;? was 18 t o  46 hours. 
The b r ine  samples were held a t  90'C because t h i s  i s  
the minimum teiiiperature t h a t  spent b r ines  are ex- 

' pected t o  reach i n  i n j e c t i o n  f a c i l i t i e s .  For the 
experiinents on contact ing the b r ine  w i t h  CaCO3, a 
few minutes were al lowed f o r  reac t ion  o f  the addi- 
t i v e  w i th  the b r ine  i n  the  open ampoule; then 1 g 
o f  powdered, reagent-grade CaCO was added t o  the 
br ine  and the ampoule sealed. +his immediately 
raises the pH o f  the b r ine  t o  5.8. D 

A t  the appropr iate t ime o f  incubation, the 
ampoules were opened and the  contents f i l t e r e d  by 
vacuum through Kimble No. 28260 o r  Corning No. 
3?960 f ine-poros i ty  porous-glass crucibles.  The 
so l i ds  were co l lec ted  i n  the  crucible,  washed 
thoroughly w i t h  w a t e r ,  and d r ied  i n  an oven a t  
105°C. The f i l t r a t e  was i m e d i a t e l y  ac id i f i ed ,  
an2 then i t s  s i l i c a  concentrat ion was determined 
by the method o f  standard add i t i on  using the tech- 
nique o f  atomic absorption spectrophotometry.11 
The c ruc ib les  have a nominal maximum pore s i ze  o f  
4.5-5.5 urn; however, concomitant experiments es- 
tabl ished that,  w i t h  a f i l t e r  cake, the c ruc ib les  
remove most p a r t i c l e s  l a r g e r  than 1 urn i n  size. 
I t  has a lso  been found t h a t  the  atomic absorption 
technique q u a n t i t a t i v e l y  measures both the t r u l y -  
dissolved, monomeric s i l i c a ,  and s i l i c a  i n  par- 
t i c l e s  a t  lea,t as l a rge  as 5 prn i n  size. 

i 

RESULTS AND DISCUSSION 

As i s  w e l l  known,' amrphous s i l i c a  p rec i -  
p i  tates very rap id l y  from the hypersal ine br ines 
o f  the Salton Sea Geothermal F ie ld .  The concentra- 
t i o n  o f  s i l i c d  i n  t h i s  b r ine  when f lashed t o  a t -  
mospheric pressure i s  cver 501) mg/kg, and i t s  
equ i l i b r i um s o l u b i l i t y  i s  ,-150 mg/kg. 
t a t i o n  a t  the na tura l  pH of 5.7-6.0 and a t  90% i s  
v i r t u a l l y  complete w i t h i n  one hour.11 
ca t i on  o f  the br ine  t o  pH 4.0 extends t h i s  t ime t o  
about 24 hours; however, most o f  the s i l i c a  i s  
then i n  p a r t i c l e s  i n  the  s i ze  range o f  about 
1-50 urn, and because aggregation has n o t  occurred, 
the so lu t i on  i s  d i f f i c u l t  t o  f i l t e r .  This con- 
d i t i o n  obtains f o r  several days, u n t i l  f loccu la -  
t i o n  f i n a l l y  takes place. 

Prec ip i -  

A c i d i f i -  

A t o t a l  o f  49 prospect ive add i t i ves  were 
tested. 
they were no t  s u f f i c i e n t l y  so lub le  i n  room temper- 
ature water t o  make a so lu t i on  o f  p rac t i ca l  concen- 
t r a t i o n  f o r  p lan t  i n jec t i on .  
so lu t ions  a l so  caused imnediate p r e c i p i t a t i o n  upon 

tested were found t o  in f luence n o t  on ly  the  r a t e  o f  

f i l t e r a b i l i t y  o f  the b r ine /p rec ip i t a te  mixture. 
Several agents were found t o  enhance the r a t e  o f  
p r e c i p i t a t i o n  and f i l t e r a b i l i t y ,  and are thus re -  
garded as p o t e n t i a l l y  use fu l  f locculants.  These 
Substances, l i s t e d  i n  Table 1, produced a very good 
f loc and a so lu t i on  conta in ing  a lower concentra- 

A few were immediately re jec ted  because 

Several add i t i ve  

r' add i t i on  t o  the ho t  br ine.  Many o f  the add i t i ves  

.Growth of the s o l i d  pa r t i c l es ,  b u t  a l so  the  
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t i o n  o f  s i l i c a  than the untreated br ine  f o r  the 
same incubation time. Such conpounds could be use- 
f u l  i n  riiineral recovery operations invo lv ing  ac id i -  
f i e d  br ine  e f f l uen ts ,  which, as noted, produce 
f i l t e r a b l e  so l ids  very slowly, especial ly a t  ambient 
tempera tures. 

Table 1. Flocculants f o r  s i l i c a  i n  a c i d i f i e d  
(pH 4.0) hypersal ine geothermal br ine.  
(24-42 h t e s t )  

Compound 
p a j e  Name 

A-1100 

2-6070 

CYAF- 51 03 

P-400 

E-400 

-_-___ Manufacturer 

Union Carbide 

Union Carbide 

American 
Cyanamid 

Dow Chemical 

Dow Chemical 
Union Carbide 

Chemical Name 

y-aminopropyl- 

Methyl t r i me t hoxy -s i 1 ane 

Proprietary--organic 
pol  ye1 ec t ro l y te  

Polyoxypropyl ene g lyco l  

Pol yoxyet hy l  ene g l yco l  
Mixed polyethylene 

t r ie thoxys i lane 

imihes 

Among the add i t i ves  tha t  had the e f f e c t  o f  de- 
creasing the r a t e  o f  p r e c i p i t a t i o n  o f  s i l i c a ,  t he  
ones selected f o r  f u r the r  tes t i ng  were those t h a t  
naintained, f o r  a t  l e a s t  24 hours i n  pH 4 br ine, a 
l eve l  o f  s i l i c a  i n  so lu t i on  a t  l eas t  1.5 times 
higher than t h a t  reached i n  the untreated br ine.  
Table 2 l i s t s  these together w i th  the  r e s u l t s  o f  the  
f i n a l  bench tests.  
three marginal substances--resorcinol ; Surfynol 465 
made by A i r  Products, which i s  a polyethoxylated 
e ther  o f  2,4,7,9-tetramethyl-5-decyne-4,7-diol; and 
Fluorad FC430, made by 3M, which i s  a f l uo r ina ted  
a l k y l  ester.  These were intermediate i n  strength 
as c o l l o i d  s tab i l i ze rs .  

The two numbers i n  each data p a i r  of Table 2 
are, respect ively,  the concentrat ions o f  s i l i c o n  
(as Si02) r e m i n i n g  i n  the so lu t i on  ( f i l t r a t e )  i n  
the presence and absence o f  the addi t ive,  a f t e r  the  
spec i f i ed  incubat ion t ime.  N o t  only d i d  the group 
o f  substances l i s t e d  i n  Table 2 e f fec t i ve l y  i n h i b i t  
the  growth o f  the c o l l o i d a l  s i l i c a ,  bu t  they, l i k e  
the  f locculants, a1 so produced an e a s i l y  f i  1 tered 
mixture. 
concentrat ions were low: 
>350 mg/kg f o r  the f locculants, and vs. 550 mg/kg 
when f i n a l  equ i l i b r i um i s  established. 

Not included i n  t h i s  group are 

I n  t h i s  case, however, the  neasured s o l i d s  
50 mg/kg o r  less  vs. 

I n  the f i r s t  tes t ,  28-30 h a t  pH 4, the T r i t o n  
X-100 and KH2PO4 were d e f i n i t e l y  i n f e r i o r ,  a1 though 
the  l a t t e r  was qu i te  e f fec t i ve  a t  150 ppm. The s i x  
bes t  add i t i ves  from the f i r s t  t e s t  were then sub- 
j ec ted  t o  an add i t iona l  t e s t  i n  which CaCO was 
mixed w i t h  the b r ine  a f te r  react ion w i th  t t e  addi- 
t i v e .  This was a very severe test ,  s ince very 
l i t t l e  t ime was al lowed fo r  the add i t i ve -s i l i ca  
react ion,  and the powdered CaCO3 provides a l a rge  
surface area f o r  nucleat ion o f  the s i l i c a  par t i c les .  
-Nevertheless, f ou r  o f  the substances s t i l l  c l e a r l y  
i n h i b i t e d  s i l i c a  p rec ip i t a t i on ,  and one, the Ethorreen 
C/25 stands ou t  i n  t h i s  respect. 

.. . . . - . 
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Table 2. Addit ives roost e f f e c t i v e  i n  i n h i b i t i n g  p r e c i p i t a t i o n  o f  s i l i c a  Fr3i7 hypersaline geothermal b r ine  
a t  90°C. ( I n i t i a l  Si02 = 530 mglkg; 50 ppm addi t ives except as noted) 

Addi t ive - 
T r i t o n  X-100 

Natrosol 250LR 
Zonyl FSN 

Goodri t e  K732 
Glyoxal 
KIizP04 

Vinsol AR-150 

Twpen-20 

Ethomeen C/25 

Manufacturer 

Rohm L Haas 

Hercules 
DuPont 

---- 

Goodr i c h 
3. T. Baker 
J. T. Baker 

Hercules 

ICI-us 

Akzona 

Chemical 
Name 

Phenoxypolyethoxy- 
ethanol 

Hydroxyethyl c e l l  u l  ose 
Perf luorinated a1 k y l  

Po lyacry l i c  ac id  
Ethanedial 
Potassium dihydrogen 

Polyethylene g lyco l  

-- 

sufactant 

phosphate 

es ter  o f  pale wood 
r o s i n  

Polyethoxylated ester  o f  
sorb i  to1 nonolaurate 

Polyoxyethyl coco-amine 

pH 4.0 

3741237 

462/237 
3601237' 

4331313 
495/313a 
323131 3b 

25-30 h 

507/20a 

489/208 

485/208 

S i l i c a  concentration, mglkg, 
w i t h  add i t i ve iw i thout  a d d i t i v e  

I n i t i a l  pH= Bulk pr ice,  
4.0, then S perc 

4 h w i t h  CaCO? 100 l b .  
--I_ 

39 

2751183 155 
1300 

18511 85 95 
207/183 500 

41 

2861185 56 

26211 83 76 

342/185 70 

a20-25 pprn a d d i t i v e  b75 ppm add i t i ve  'Quoted February, 1978 __--__ - - -. --- _- -- 
The experiments conducted thus f a r  i n  t h i s  

study s t i l l  tlo not  present a very c lear  p i c t u r e  o f  
the types o f  organic moiet ies and molecules t h a t  
are most e f f r - t i d e  i n  i n h i b i t i n g  prec ip i ta t ion .  
However, we dn have good evidence t h a t  among the 
surfactant-type materials, the  nonionic ones are 
best. This po in t  was s p e c i f i c a l l y  examined by 
t e s t i n g  the ser ies o f  DuPont Zonyls, which are 
s t r u c t u r a l  l y - s i m i l  ar, f l u o r i n a t e d  sur factants  d i  f- 
f e r i n g  i n  t h e i r  i o n i c  s ta te.  Brine a t  pH 4.3 con- 
t a i n i n g  500 rng/kg Si02 was used, and a f t e r  140 h 
a t  90°C. the fo l low ing  values were obtained for  the 
s i l i c a  remaining i n  so lut ion:  
amphoteric ( i s o e l e c t r i c  p o i n t  4.5, thus s l i g h t l y  
c a t i o n i c  here), 397; ca t ion ic ,  322; anionic, 265; 
and no sur factant ,  170. 
a c t i o n  o f  the Zonyls i s  i n  the order l i s t e d ;  the 
observed t rend could be re la ted  t o  the fact  t h a t  
the  c o l l o i d a l  s i l i c a  i n  t h i s  so lu t ion  has a weak 
negative charge.78 The nonionic Zonyl was tested 
f u r t h e r  and i s  the Zonyl FSN l i s t e d  i n  Table 2. 

found i n  f i v e  of the  f i n a l  group of add i t i ves  
(Table 2). i t  i s  c l e a r  t h a t  t h i s  moiety f s  an i m -  
por tant  source of a c t i v i t y ,  probably because o f  
hydrogen bonding with the  s i l a n o l  (Si-OH) groups o f  
the s i l i c a  par t i c les .  I n  addit ion, i t  i s  known t h a t  
chains o f  ethylene oxide tend t o  become less soluble 
a t  h igher  temperatures, thus enhancing t h e l r  anchor 
capab i l i t y .  The la rge  and polymeric molecules have 
the advantage of m u l t i p l e  adsorption s i tes ,  and they 
can produce t h i c k e r  b a r r i e r s  t o  the  aggregation o f  
the s i l i c a  par t i c les .  
s t a b i l i z e r s ,  i n  cont ras t  t o  the f l o c c u l a t i n g  agents, 
the other  p a r t  o f  the  molecule i s  r e l a t i v e l y  non- 
po la r  and hydrophobic. 

nonionic, 445; 

Thus the degree o f  i n t e r -  

Because ethylene oxide '(-C-0-C-) blocks are 
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I n  most o f  the  c o l l o i d  

I n  the case o f  the Piatrosol 

250iR. there may be qnternal hydrogen bonding among 
the ce l lu lose  r ings  t o  create a nonpolar ex te r io r .  
The a c t i v i t y  o f  the g lyoxal  may be due t o  the f o r -  
m t i o n  of  aceta l  o r  hemiacetal, g i v i n g  polymeric 
s t ructures vaguely r e l a t e d  t o  the successful hy- 
droxyethyl ce l lu lose.  The act ion o f  KH2P04 may be 
s i m i l a r  t o  t h a t  of the  phosphonate threshold in-  
hibitors,4-6 a c lass of substances no t  y e t  tested 
i n  our work. 

I n  hypersal ine br ine ,  several unusual circum- 
stances ex is t .  The h igh  concentrations and v a r i e t y  
o f  s a l t s  lower the  a c t i v i t y  o f  water and m i t i g a t e  
e l e c t r o s t a t i c  repuls ion effects. Temperatures are  
high, and l i t t l e  I s  known about in te rac t ions  here. 
The r e l a t i v e  a f f i n i t y  o f  the funct ional  group f o r  
s i l a n o l  vs. r a t e r  i s  o f  prime importance. The 
e f f e c t  o f  o ther  p r e c i p i t a t i n g  so l ids  such as the  
i r o n  hydroxides i s  n o t  known. A complex, subtle, 
and d e l i c a t e  balance o f  in te rac t ions  i s  tak ing  
place, and more work i s  needed before a f i r m  p i c t u r e  
emerges. 

Because t h e  t ime ava i lab le  f o r  the  f i e l d  t e s t s  
was l im i ted ,  we concentrated our i n i t i a l  e f f o r t s  
mainly on screening as many d i f f e r e n t  substances as 
possible, wi thout  a l s o  c a r e f u l l y  examining the e f f e c t  
o f  the concentratton o f  the addit ives. Nevertheless, 
t h i s  var fab le  i s  o f  prime importance, no t  on ly  f o r  
i t s  in f luence on the  chsmistry involved, b u t  a lso  
because the  u l t imate  usefulness o f  the  addi t ives 
w i l l  depend on t h e i r  cost. A t e s t  o f  the e f fec t  o f  
concentrat ion of one addi t ive,  the Natrosol 250LR, 
was c a r r i e d  ou t  and the r e s u l t s  are given i n  Table 
3. As shown here, 10 ppm Natrosol 250LR i s  near i t s  
maximum ef fect iveness for  short-term s t a b i l i z a t i o n .  

I 
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Table 3. E f f e c t  o f  concent ra t ion  o f  Katrosol 7. R.  K. I l e r ,  I>e_C_qlloidal ChamLztry of S i l i c a  
25Oi.R on t h e  p r e c i p i t a t i o n  of s i l i c a  I and -- S i l i c a t e s  TCornnll U n i v .  Press, I thaca ,  
f r o &  hypcrsa l ine  geothernal b r i n e  a t  N . Y . ,  1 9 5 r  
90°C. 
W k g )  6. R. K. I ler ,  "Colloidal  S i l i c a , "  i n  Surface and 

Colloid Science,  Vol. 6 ,  E .  N a t i j e v i ? Y E d r  
( J . ley ,  New York, 1973), pp. 1-100. 

(pH 3.8; I n i t i a l  Si02 = 517 

.- Si& -_-- r a n a i r i n q  i n  s o l u t i o n ,  rng!kq Natrosol 
ppm - 41 h 7 days 9 .  keference 8, p. 57. 
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329 11. J. E .  Harrar ,  C.  H. Otto.  Jr., 3. H. Hill ,  

10. D. H. Kapper, " S t e r i c  S t a b i l i z a t i o n , "  i n  
Col loid and I n t e r f a c e  ------ Science,  Vol. I ,  M. Kerker, 
A.  C .  Zettlemoyer, and R. L .  Rowell, Eds. 
(Academic Press, New Yark, 1977) ,  pp. 413-430. 

I f  a subs tance  such es t h e  Ethomren were 
equal ly  e f f e c t i v e .  we e s t i m a t e  t h a t  i t s  use a s  a 
b r i n e  t rea tment  i n  a g e ~ t h e r m a l  power p l a n t  would 
c o s t  less than 0.7 m i l / k W h ,  or about 4% o f  t h e  
value o f  the e l e c t r i c i t y  generated.  The organic  
a d d i t i v e s  thus show cons iderable  promise a s  a l t e r -  
n a t i v e s ,  or perhaps supplements, t o  a c i d i f i c a t i o n  
f o r  s c a l e  and s o l i d s  c o n t r o l .  The substances 
found t o  be b e s t  by t h e  bench-scale tests will be 
eva lua ted  f u r t h e r  as s c a l e  c o n t r o l  agents  under 
a c t u a l  p l a n t  opera t ing  condi t ions ,  by i n j e c t i o n  
i n t o  u n a c i d i f i r d  b r i n e  a t  high temperature. 

Reference t o  a conpany o r  product name does 
not  imply approval or recommendation o f  the pro- 
duc t  by the Univers i ty  of C a l i f o r n i a  o r  t h e  U.S. 
Department of frrergy t o  t h e  exclusion o f  o t h e r s  
t h a t  may be s u i t a b l e .  
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