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In t roduct ion . 

This repor t  presents f u r t h e r  r e s u l t s  o f  ou 

are the previous deta i led reports 
b r i e f  sumnary progress i n  FY1979. A f i n a l  r e  
p rop r ie ta ry  sc -contro l  addi 

Among a l l  o f  the various c 
classes o f  substances app 

. p r e c i p i t a t i o n  o f  s i l i c a  f 
compounds containing large amounts o f  the oxyethylene m 

1 

he other group comprises 

s t a b i l i z a t i o n ,  i.e., they ads 
prevent t h e i r  aggregation and f locculat ion.  

compounds because the PO 

temperature s o l u l b i l i t y .  
containing substances, three types o f  -compounds have emerged as the most 
potent i nh ib i t o rs :  
polyaminoethylene i n  the form o f  the hydrochloride salt .3 ' One o f  the 
quaternary amnonim compouns, Ethoquad 18/25, was subjected t o  a scale 
i n h i b i t i o n  t e s t  evaluation and found t o  be moderately ef fect ive.  This 
mater ia l  i s  manufactured by the Armak Company and i s  methylpolyoxyethylene( 15) 
octadecylammonium chloride. I t s  high a c t i v i t y  toward s i l i c a  was thought t o  be 
due t o  both the 15-mole content o f  oxyethylene and the strong ca t i on i c  
character . 

Most recently, we have foc  

quaternary ammonium compounds, polyethylene imines, and 
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-temperature scale, In the 

f i c u l t  because the 

ined from Armak, t o  be 

I 
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These compounds were f i r s t  evaluated by means o f  our "standard" p r e c i p i t a t i o n  

system a t  21OoC, samples o f  e f f l u e n t  b r ine  are co l lec ted  a t  
then the k ine t i cs  o f  s i l i c a  p r e c i p i t a t i o n  are observed a t  90 

I n  add i t ion  t o  tes t i ng  s ing le  compounds shown t o  be goo 
ppec ip i ta t ion  tes t ,  we p 
compounds w i th  complemen 
s i g n i f i c a n t  re ta rda t ion  o f  scale. For example, 
reason why l i t t l e ,  i f  any, scale abatement had 
treatment w i th  organic compounds i s  t ha t  m h of t h i s  scale forms d i r e c t l y  
from monomeric s i l i c a  ra ther  tha a. If t h i s  i s  
true, scale deposi t ion could not 
s tab i l i za t i on .  Scanning e lect ron microg 
t o  shed some l i g h t  on t h i s  question. Me 
adjustment of the pH o f  the br ine  t o  a l t e r  the r a t e  o f  pol 
s i l i c a ,  coupled w i th  the addi t ion o f  an organic 
c o l l o i d a l  s i l i c a ,  could be an e f f e c t i v e  approach t o  scale contro l .  

I of a synerg is t i c  combination o f  addi t ives.  Dequest 2060 (diethylenetr iamine 

I test,6 i n  which the add i t i ve  i s  in jec ted  i n t o  the br ine- t re  

ned t o  conduct sca l ing tes ts  o f  
y functions which, it 

observed a t  125OC on 

j t e d  by the  mech o f  s t e r i c  

I 

, The Ethoquad 18/25-Dequest 2060 mixture tested previously3 i s  an example I 

pentamethylene phosphonic acid) i n h i b i t s  calcium carbonate deposi t ion and has 
been shown t o  be e f f e c t i v e  i n  geothermal brine.7 The scale o f  the Salton 
Sea. Geothermal F i e l d  contains 4% CaC03; however, i t  has been conjectured 8 

o f  s i l i c a .  The benef ic ia l  e f f e c t  observed f o r  the combination o f  the s i l i c a  
and CaC03 i n h i b i t o r s  may be explained on t h i s  basis. Two other combinations 
t o  be tested were (1) a mix ture o f  a s i l i c a  p r e c i p i t a t i o n  i n h i b i t o r  and a 

ne corrosion i nh ib i t o r ,  and (2) a mixture o f  a ca t i on i c  s i l i c a  
p r e c i p i t a t i o n  i n h i b i t o r  and an anionic sur factant  t h a t  i s  r e  

adsorbed f i l m  on the s i l i c a  par t i c les .  

1 t h a t  the p r e c i p i t a t i o n  o f  small amounts o f  CaC03 may enhance the nucleat ion 

' 

ye toward the  
I 
I c a t i o n i c  substance, t o  examine the p o s s i b i l i t y  o f  forming a more s t rong ly  
I 
~ 



evaluation. Three 

E 

(1) 

t e s t  o f  the e f f e c t  o f  the  

- 



where the R group represents an a l k y l  chain o f  14 t o  18 carbon atoms derived 
from tal low. Because p a r t  o f  the a c t i v i t y  o f  t he -ca t i on i c  substances toward 
s i l i c a  may be due t o  an a t t r a c t i o n  t o  he negati vely-charged s i  1 
we thought t h a t  a d ipos i t i ve  
Two other diquats, t o  be described below, were 

N- ta l  low-1,3-diamirlopropane: 

fitdiquat,lfi might be e 

The f i f t h  Armak compound examined was Duomac T, the acet 

HOAc 

R-N *CU2k )$ Hz* HO 
H 

It was not expected t o  inh ib ’ i t  the p 
ethoxylated amines have exhib i ted such a c t i v i t y . l S 2  Rather, t h i s  compound 
was selected f o r  i t s  a c t i v i t y  as a corrosion i n h i b i t o r .  This has been 
demonstrated i n  other applications, where i t  i s  s t rong ly  a t t rac ted  t o  s tee l  
surfaces t o  form an i n h i b i t i n g  f i l m .  I n  our experiments, it was eventual ly  
evaluated i n  a sca l ing  t e s t  w i th  Ethoquad 18/25. 
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and are manufactured by the Cordova Chemical Company. As indicated in the 

e Corcat P-145 I 

000 and l~20,000, 
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‘Na c-+. 
/ 

and 
I 

This reac t ion  also d i d  not .affect 
modi f ier  was reacted per mole o f  ethylene imine i n  t 

was selected w i th  the thought t h a t  the  hydrox 
water solubi  1 i t y  and p 

exhib i ted by the polyoxyethylenes. 
The t h i r d  pa r t i cu la r  group o f  

Dynapol under the t rade name PAE-HCl,’ and having the general s t ruc tu re  

One o f  these compounds, i n  which the peak average molecular weight was 
120,000, was tested previously3 and found t o  be the most powerful s i l i c a  
p r e c i p i t a t i o n  i n h i b i t o r  ye t  discovered -- much stronger than Ethoquad 18/25 i n  
the r a p i d l y  sca l ing  br ine o f  

and it was of i n te res t  t o  determi ne whether other 
molecular weights o f  t h  lymer would have greater potency. For the present 

evaluation, a second sample o f  the  PAEOHC1 (M.W. = 120,000), and a sample o f  
PAEeHC1 (M.W. = 25,000) were obtained. Also, be 

luated i n  a sca l ing  

he PAE* HC1 as 





This compound i s  synthesized from isomeric "dimer acid"; the R group i n  the 
s t ructure denotes the hydrocarbon po r t i on  of a dimerized, 
ac id  containing ~ 3 6  carbons. 

I n  our very f i r s t  o f f -1  
p rec ip i ta t ion ,  we found tha  i c a l  p ro te in  ha 
whether quaterniz ing such a mater ia l  would render i 

molecular weight o f  MOO0 and only  i t s  terminal  ami 
molecule) are quatern i zed. 

e polymeric t e r t  i a 
American Cyanamid Company. They are designated RC-412 and RC-413 and have 
molecular weights o f  Ql0,OOO and ~30,000, respect ively.  

i t i o n  of s i l i  

i r e d  protein,  Crote in  BTA, from Croda, Inc, * 

The l a s t  two compounds tested 

Experimental Techniques 

The addi t ives were tested w i th  Ma ax No. 1 br ine  
r i bed e l  sewher shown i n  Figure 1 and the techniques 

measurements were made w i th  the f u l l  complement o f  specimens, inc lud ing 
sections o f  %- and %-in. tub ing placed a t  the 
ob ta in  data on sca l ing  ra tes  a t  90°C. Measurements o f  the sca l ing  ra tes  on 
m i l d  s tee l  coupons were performed by placement o f  the coupons on 2-in. p ipe 
plugs inser ted near the P e t r o l i t e  probes, instead o f  i n  the flanges o f  the 
1-in. p ipe spools as was done p r e v i ~ u s l y . ~  P rec ip i t a t i on  t e s t s  were ca r r i ed  
out on the ef f luent b r ine  samples co l lec ted  a t  the atmospheric f lash 
temperature o f  105OC and incubated anaerobical ly a t  90 0 6  C. 

l e t  of the del 

Br ine Character is t ics  

The f i n a l  t e s t  ser ies was conducted dur i  
November, '1979, whi le  the  Magma Power Compan 
t o t a l  w e l l  f low r a t e  was 100-150 gpm, compar 
operat ing alone. The r e s u l t  was a b r ine  o f  

t e  October and e a r l y  





4.0-4.2 Mol/ l  chloride, which was comparable t o  the condi 
f u l l  w l l  f low r a t e  (~600 gpm) i n  l a t e  n the Q4.5 Mol/ l  
condi t ion e x i s t i n g  i n  the previous t e s t  series3 o f  June, 1979. As described 
previouslyY3 the r a t e  o f  p r e c i p i t a t i o  
the br ine are d i r e c t l y  ppoportional t o  the t o t a l  d i  
measured by the ch lor ide concentration. 

o f  the e f fec ts  o f  the various a 

78,5 but  weaker 

c a l i n g  tes ts  requires t h a t  
reasonably constant. This was accomplished, 
coord i nat i ng our exper imen t s w i t h  the operat i ons o f  
The concentrations o f  dissolved s a l t s  and s i l i c a  i n  

o f  test ing,  but  
r a t i o n  o f  i r o n  

reaf ter  remained q u i t e  stab1 
determined on November 4 

The p r e c i p i t a t i o n  tes ts  were conducted w i th  incubation times o f  1 and 2 h, 
ra ther  than the usual 4 and l - h  times,lY3 because it was expected t h a t  the 
longer times would be necessary t o  d i f f e r e n t i a t e  the 
The r e s u l t s  o f  the i n i t i a l  round o f  measurements are 15 
Within each o f  the fou r  categories i n  the Table, the a d d i t i  
the basis o f  the l - h  data, i n  the order o f  t h e i r  a b i l i t y  t o  a i n t a i n  a low 
so l i ds  and high s i l i c a  concentrat ion i n  the brine. It can be seen t h a t  the 
2-h incubation t ime i s  not as useful i n  d i f f e r e n t i a t i n g  the addit ives, but  the 
same general trends are present. Our experience w i th  t h i s  type o f  t e s t  has 
indicated t h a t  f o r  each range o f  i n h i b i t o r  strengths and br ine s a l i n i t y ,  there 
i s  an optimum p o i n t  i n  t ime f o r  the measurement o f  the k i n e t i c s  o f  the 
p rec ip i t a t i on .  I n  the present case, 1 h appears near ly  ideal .  

compounds, the data show t h a t  increasing the amount o f  oxyethylene 
molecule decreases, ra ther  than increases, t h  
s i  1 i ca p r e c i p i t a t i o n  i n h i b i t o r .  Arqu 
s l i g h t l y  be t te r  than Ethoquad 18/25 ( 
be t te r  than Ethoquad HT-6OMS (50 moles/mole). However, i t  should be noted 
t h a t  these compounds were tested on a weight, r a t  

The data o f  Table 2 r e f l e c t  several i n t e r e s t i n g  f indings. Among the Armak 

o le)  , and s i g n i f i c a n t l y  

4 2 -  

i 

. 



O c t .  31 0800 5.9OY 5.85 

5.86¶ 5.83 
5.85¶ 5.87 

5.96, 6.01 



E f f e c t  o f  Addi t ives on Rate o 
Eff luent Brine a t  900C.a (Ma Mol/ l  chloride; 
20 ppn act ive compound) , 

l -h incubation 

Suspended Si02 i n  
sol ids,  f i 1 t ra te,  
m / k g  mg/kg 

305 240 

112 424 
Ethoquad 18/25 126 406 

145 378 
176 348 
266 70 

130 423 
Corcat P-100 106 405 
Corcat P-200 228 355 286 276 502 
P-100, Quaternized 199 340 250 285 502 
P-100, chloro- 
acet ic  acid deriv. 237 318 286 270 509 

P-100, g l yc ido l  
der i vat i ve 294 270 303 ’ 25 2 509 

Dynapol : 

PAE-HC1, 

PAE LHC1, 

PAE-HC1, 

M, W. =120,000 135 400 304 25 1 505 

M. W. =25,000 207 344 258 294 524 

M. W. =25,000, 
Hofmann route 355 202 393 - 524 

Miscellaneous: 

Mirapol A-15 151 395 234 12 500 

M. W. =30,000 166 364 246 307 500 

M. W. =10,000 254 312 307 , 252 501 
Crotein BTA 320 230 327 230 501 
Schercoquat DAB-90 347 184 352 186 491 

RC-413, 

RC-412, 

dStandard deviat ions of determinations: Solids, 13 mg/kg; Si l i ca ,  6 mg/kg 
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does not. These 

i 

ect on the silica at 

nic characte minished and no other desirable 

s time they were 
two series were 



maintained through several d i f f e r e n t  leve l  f s a l i n i t y .  Comnunicat 
Dynapol ind icated t h a t  both the o l d  and new l o t s  o f  the  PAE-HCl came 

u t  they were neut ra l i ze  
rechecked the i n h i  

'HC1, a t  the same time, each 
tem, w i t h  i den t i ca l  resu l ts .  Thus, a 
are absent, it must be concl 

b r ine  condi t ions l e d  t o  a r e l a t i v e  e 
PAE. HC1 compared t o  Ethoquad 18/25. 

Among the miscellaneous comp 
Mirapol A-15 was the best i n h i b i  
three categories. That it performs very w e l l  

ng ca t i on i c  character and i t s  medium molec . The resu l t s  f o r  the RC-412 and RC 
i n te res t i ng  because they p a r a l l e l  the behavio 
t rend w i th  molecular weight ind icates t h a t  s t  
polymers of . t h i s  type (which are avai lab le)  w 
quaternized protein, Crote in  BTA, had no a c t l v i t y  toward s i l i c a ,  u 
because a r e l a t i v e l y  small f r a c t i o n  o f  the molecule i s  cat ion ic .  T 
Schercoquat DAB-90 was unusual i n  c l e a r l y  accelerat ing the r a t e  o f  s i l i c a  
p r e c i p i t a t i o n  compared t o  the untreated br ine.  The ra ther  large hydrophobic 
por t ion  o f  t h i s  molecule (see Structure 9 on p. 9) may be the reason f o r  t h i s  
e f fec t .  

An i n te res t i ng  phenomenon thak i s  always observed u r i n g  the p r e c i p i t a t i o n  
k ine t i cs  studies i s  probably worthy o f  -note here. Wh 
incubated anaerobical ly a t  90°C, a pure white p r e c i p i t a t e  forms. This 
p r e c i p i t a t e  o f  course i s  predominantly s i l i c a ,  but i t  also contains 1.2% o f  an 
un iden t i f i ed  i r o n  compound." When br ine  containing the p rec ip i t a te  i s  
f i l t e r e d  and the co l lec ted  p r e c i p i t a t e  i s  washed w i th  water, the p r e c i p i t a t e  
r a p i d l y  turns orange, presumably because o f  a i r  ox idat ion o 
i r o n  compound t o  the  Fe( I I1)  state. Such a co lo r  change i s  
untreated brine, and br ine  t reated w i th  addi t ives t h a t  are not  e f f  
p r e c i p i t a t i o n  i nh ib i t o rs .  

I n  many respects t h i s  compound i s  un l i ke  any we have ever tested. 

untreated br ine  i s  

e F e ( I I )  i n  the 
erved for  both 

I n  contrast, i f  a good s i l i c a  p r e c i p i t a t i o n '  





surface. The probable mechanism i s  the ads 
he p a r t i c l e s  t o  provide a 
a t i on  or f l o c c u l a t i o  

whether t h i s  s t a b i l i z a t i o n  o f  the c o l  
t i s  probable 
o f  the pronounced co 
n t a c t  w i th  t h i s  b r i  

ss o f  the double layer  
l cu la ted  t o  be 0.15 nm, which i s  much less than the  

dimensions o f  most adsorbing molecules. The f a  
weight compounds are requi red f o r  s t a b i l i z a t i o n  
dominating, . 

I n  idea l  s t e r i c  ab i l i za t i on ,  the s t a b i l i z  
t o  the p a r t i c l e s  i n  such a way tha t  t 
layer tha t  i s  compatible with, o r  so lub l  

nc t iona l  groups, which e i the  
withstand the dislodgment forces o f  Brownian motion and 
attempted, i n  the course o f  our studies, t o  f i n d  
strong chemical bonds w i th  the s i l i c a ;  e.g., a ser ies o f  s i lanes was 
tested,* but  no substance has been evaluated t h a t  gave evidence o f  an 
i r r e v e r s i b l e  react ion.  Thus, t o  the extent the s t a b i l i z i n g  molecules tha t  we 
have found are e f fec t i ve ,  it appears tha t  physical adsorption i s  the mechanism 
of attachment. The nature o f  the s o l u b i l i z i n g  moiety i s  also important. 
must be s t rong ly  hydrophi l ic  t o  keep the s i l i c a  p a r t i c l e s  dispersed i n  the 
high-temperature h igh l y  sa l ine  brine. Addi t ives t h a t  render the p a r t i c l e s  
surfaces hydrophobic probably promote aggregation by 'I hydrophobi c 
bonding."16 This may be the reason why ce r ta in  addi ves t h a t  we have 
examined (e.g., the Austral-Erwin o i l  addi t ive5 and hercoquat DAB-90) 
caused enhanced f 1 occul a t i  on or scal  i ng . 
types o f  compounds tha t  we have found t o  be good i n h i  
p r e c i p i t a t i o n  are used i n  other appl icat ions such as 
flocculaOe s i l i c a .  This i s  not too surpr is ing,  however because strong 

t h a t  f a i r l y  h igh 'molecular 
i n t s  t o  s t e r i c  e f fec ts  being 

. 

It 

A fasc inat ing aspect of our f ind ings  i s  t h a t  many o f  the subst 



provide the basis 

the neutral sa 

hermal brines at  pH 
ral -SiOH and ionized 

surface i n  three 
onic attraction, and hydrogen 

sites,  and make the surface more 

Compounds such as 



o produce s te  
u l e  must crea 

s t a b i l i z a t i o n  o f  the c o l l o i d a l  s i l i c a ,  the 
s u f f i c i e n t  po ten t i a l  energy o f  repuls ion t o  overcome the  

London-van der Waals a t t r a c t i v e  forces betwee 
. The s i ze  (or molecular weight) 
t i o n  on the surface thus 

effect iveness as an i n h i b i t o r  o f  prec 
Ps are evident i n  the molecular weig 
i v e l y  small molecules such as polyoxyethylene 

1 Carbide Carbowax 1000) 
N-(3-chloro-2-hydroxypropyl) t r ime thy l  amn 

molecules become good inh ib i t o rs ,  and the molecular wei 
maximum a c t i v i t y  i s  ,d i f ferent  f o r  the d i f f e r e n t  

and small quaternary 

were not good inh ib i t o rs .  Above a 

To a f i r s t  approximation, it 
v i t y  i s  re la ted  t o  the basic 

t o  which it pro jects  i n t o  the l i q u i d  pha 
o f  non-polymeric quaternary amnonium corn 
Hyamine 1622 ) and the polyethylene imines (e.g., Corcat P-18, M.W. k: 1800), 2 

are non-linear, branched molecules, r e l a t i v e l y  
l e s  are good inh ib i t o rs .  The polyethylene i m i  

ched, three-dimensional networks o f  approximately spherical 
he lower molecular weight compounds also have the 

higher m o b i l i t y  i n  solut ion, so t h a t  t h e i r  r a t e  o f  'adsorption 
The peak a c t i v i t y  o f  the polyoxyethylenes occurs a t  a mol 

$4,000.1 This higher value than t h a t  o f  the quaternary ammonium compounds 
and polyethylene imines may be re la ted  t o  the f a c t  t h a t  the polyoxyethyle 
are l i n e a r  chains t h a t  can l i e  r e l a t i v e l y  f l a t  on the surface o f  the s i l i c a .  
However, these chains, because o f  the high i o n i c  strength o f  the b 
h i g h l y  co i l ed  i n  solution.20 Their conformation on the su r fa  
r e a l l y  t h a t  o f  loops r e s u l t i n g  from random attachment o 
This i s  an intermediate s i t u a t i o n  between t h a t  
adsorption and the maximum extension o f  a chain 

ore >akin t o  the s i t u a t i o n  w i t h  the polyethyle 

-20- 
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out  on the brines, and the 
addi t i ve- t reated b r  i nes wer 

A sumnary o f  the a d d i t i  
concentrations o f  ac t i ve  ingredient used, and the r e s u l t s  o f  
p r e c i p i t a t i o n  t e s t s  are g i v  
Gycloryl NA was tes ted  as 
the s i l i c a  par t ic les.  I n  

a t  were tested, t 

s l i g h t ,  i f  an improvement over the rates found f o r  Mirapol alone (see 
Table 2). F i  at ions during these measurements showe ome evidence o f  
addi t ional  suspended so l i ds  -- possibly a p r e c i p i t a t e  from the i n te rac t i on  o f  
the two addit ives. Also, as i s  summarized below, there was an enhancement o f  
the scal ing r a t e  a t  125OC, and the scale seemed 
character. Thus t h i s  br ine treatme her example o f  a type 
which must be termed counterproduct 

u b i l i t i n g  moiety i s  hydropho 
anionic component o f  t h i s  
s u r f  actant. 
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The second com , Ethoquad 18/ 
m i  xed toget her and g le  1 so lut ion,  
p rec ip i t a t i on  i n h i b i t o r  and a corrosion i n h i b i t  

i v i t y  as a s i l i c  
combi nat i on i n  
oquad 18/25 alone. 

av io r  I n  the p rec ip i t a t i on  tests,  

l a t t e r  has v i r t u a l l y  
l e  Z ) ,  thus the e f f e c t  

about the same as t h a t  o f  

enhancement o f  the sca l ing  r a t e  a t  125OC compar 
and compared t o  the  e f f e c t  o f  Ethoquad a1 
poss ib ly  due t o  l i m i t a t i o n s  i n  the solubi  of the Duomac T i n  the brine, a 

i 

i cha rac te r i s t i c  t h a t  we prev ious ly  a t t r i b u  other long chai 

I 
1 The combination o f  Ethoquad 18/25 and h l o r i c  ac id  was 

t e s t  the e f f e c t  o f  a combina 
"small" amount o f  acid. Man r e v i  ous invest  i ga 
lowering the pH o f  the br ine  e f f e c t i v e l y  decreas 
p r e c i p i t a t i o n  and scaling; however, f o  
leas t  300 ppm HC1 i s  requi red t o  lower the pH o f  the  e f f l u e n t  b r i ne  fromQ5.9 

n o f  a s i l i c a  p r e c i p i t a t i o n  i n h i b i t o r  w i t h  a 

I , 

t o  ~ 5 . 0  where ant isca lant  a c t i v i t y  becomes measurable. This corresponds t o  a 
concentration o f  ~ 8 0 0  ppm o f  the  37% concen 
ra ther  high chemical cost; thus it i s  o f  i n te res t  t o  know whe 
combination o f  ac id  and organic i n h i b i t o r  could be rendered c 
For the one experimental t r i a l  i n  the t ime avai lable,  we se le 
Ethoquad 18/25 i n  the range usua l ly  used and a r e l a t i v e l y  small amount of 
hydrochlor ic ac id  (100 ppm HV1) t h a t  was not expected t o  change the pH of the 
br ine  t o  a great extent. The r e s u l t i n g  pH change was indeed not large, from 
5.9 t o  'L5.7, but as shown i n  the data o f  Table 3, t h i s  quan t i t y  o f  ac id  
s i g n i f i c a n t l y  enhances the re ta rda t ion  o f  the p r e c i p i t a t i o n  o f  s i l i c a  compared 
t o  Ethoquad 18/25 alone. As w i l l  be discussed below, the ac id  also i s  very 
bene f i c ia l  as an ant iscalant,  but i t s  e f f e c t  i n  t h i s  measurement was somewhat 
obscured by the behavior o f  the Ethoquad. 
and hydrochlor ic acid were mixed together and 
temperature point  . 

ted acid, and it represents a 

For these experiments, the Ethoquad 



abatement  measurement^.^ This 

a measurable effe the other hand, i t  

the Ethoquad 18/25 and 

s unknown, but  t h i s  l i m i t  
ca p a r t i c l e  coverage i s  

ydrodynami c condi ti ons . Another 
Ethoquad 18/25 i s  t h a t  

l l e  concentration 

1 ues o f  corros i on 

orrosion ra tes  had 
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corrosion rates vary f o r  several types o f  br ine treatment using t h i s  
technique. The measurements o f  a c i d i f i e d  br ine were obtained i n  a previous 
study. 

Most o f  the di f ferences i n  values l i s t e d  i n  Table 
s i g n i f i c a n t  since considerable va r ia t i on  i n  corrosion 
for untreated br ines i n  the course o f  the year 's exper 
previous corrosion rates have ranged from 4 
t o  22 mpy. However, the high value o f  17 m 
br ine t reated with Ethoquad and acid has been ve r i f i ed .  The corresponding 

. scal ing-rate specimen a t  22OoC was the only  one t h a t  l o s t  e igh t  (see Table 
5 below), and ca l cu la t i on  o f  the corrosion r a t e  from t h i s  e igh t  loss y ie lds  a 
value o f  20 mpy. The very low values o f  1 t o  2 mpy observed f o r  the other 
addi t ives a t  125OC also are probably r e a l i s t i c  and represent some corrosion 
i n h i b i t i o n  behavior. A value o f  2 mpy a t  125OC was found f o r  the Ethoquad 
18125-Dequest 2060 ' combination tested. previ  o u s l ~ , ~  and Dequest 

Polyethylene i m i  s such as Corcat P-18 have been used as corrosion i n h i b i t o r s  
for m i l d  s tee l  i n  ch lor ide media, 26927 and long chain es such as PAE HC1 
should also e x h i b i t  such a c t i v i t y .  Corrosion i n h i b i t i  s c e r t a i n l y  a 
desirable property f o r  a po ten t i a l  scale i n h i b i t o r  because (a) the s i l iceous 
scale adheres more r e a d i l y  t o  a surface roughened by corrosion, and (b) 
suppression o f  the en t r y  o f  Fe2+ ions i n t o  the so lut ion minimizes the 
formation of Fe2+ hydrolysis species which, i t  has been speculated, 8,28 

are important nuc le i  f o r  the deposit ion o f  the s i l iceous scale. 
As shown i n  Figure 2 the corrosion r a t e  f o r  pH 3 a c i d i f i e d  br ine remains 

a t  d o 0  mpy, as estimated by the  LPR technique. This i s  consistent w i t h  the  
f i nd ing  t h a t  a t  t h i s  pH, e s s e n t i a l l y  no s i l i c a  forms on surfaces exposed t o  
the brine, and m i l d  s tee l  i s  found t o  accumulate only corrosion product. 
A c i d i f i c a t i o n  t o  pH 5, on the other hand, i s  not s u f f i c i e n t  t o  completely 
suppress s i l i c a  scal ing from t h i s  brine.3 The apparent corrosion r a t  
continuously d r i f t s  downward f o r  the f i r s t  3 days exposure and probab 
eventual ly  reach the value o f  $5 mpy found f o r  unt r  ed brine. The i n h i b i t o r  
act ion of t he  Corcat P-18 can be i n f e r r e d  c l e a r l y  from the curves o f  Figure 2. 

3 

has been observe 

11 mpy, and a 
a t  22OoC obser 

. 

phosphonate- type ompounds are known t o  funct ion as corrosion i nh ib i t o rs .  25 

3 
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I 

ad/Duomac combi nat ion 

I , 

I 

I I 
I 
I 



Add i t i vea 

None, Control 

Ethoquad 18/25 

PAE.HC1 

(35 P P d  0.01 0.02 0.01 6.2 11.8 

(35 P P d '  0.01 <0.01 <0.01 4.9 9.6 1.4 

See Table 3 f o r  concentrations o f  addi t ive  combinations. 





addit ives t h a t  we have tested are weakly acidic, 
s l i g h t l y  a l ka l i ne  i n  reaction. 
polymerization react ion t o  pH, the pH o f  the ,addi t ive so lu t  

Because o f  the se 

g w i t h  the b r ine  are important f ac to rs  i n  
horn i n  Table 6, the effects of the addi t  

of the s i l i c a  
nd i t s  manner 

diverse. Here the coupon weight changes ( a l l  .gained w 
becalcse they c lose ly  pa ra l l e led  the thickness measuremen 
estimated t o  be approximately 525%. As mentioned above 
Table 6, both the Mirapol A-25/Cycloryl NA combination and the Ethoquad 
18/25-Duomac T combination were unsat is factory  as a 
Both formed a th ick,  powdery scale considerably d i f f e r  
of, t h a t  formed from the untreated brine. 
mixture, t h i s  pseudoscale was probably a r e s u l t  o f  the react ion of these two 
components. I n  the case o f  Ethoquad/Duomac combina 
Duomac T i s  a possible cause, although, as can also be seen i n  Table 6, a 
s l i g h t l y  higher concentrat ion o f  Ethoquad 18/25 (35 vs. 25 ppm) also caused a 
pseudoscale as 125OC. This i s  the f i r s t  t ime t h a t  Ethoquad 18/25 has been 
observed t o  form a pseudoscale, and it must be due t o  the use o f  too h igh a 

I n  the case o f  the Mirapol/Cycloryl 
1 

. 

concentrat ion t o  be compatible w i t h  the brine. The discovery o f  t h i s  l i m i t  
for  overfeeding Ethoquad 18/25 serves t o  emphasize the need t o  evaluate each 
compound as a funct ion o f  i t s  concentration. Because Ethoquad 18/25 i s  a 
surfactant, capable o f  m ice l l a r  associat ion and formation of hydrophobic 
e n t i t i e s ,  and contains f a i r l y  long chains o f  polyoxyethylenes, i t  may have a 
greater propensity than the s t rongly  ca t i on i c  polymers toward i n s o l u b i l i t y .  

A t  125OC, both Corcat P-18 and PAE-HC1 s i g n i f i c a n t l y  reduced the scal ing 
rate,  and the combination o f  Ethoquad and HC1 was best o f  a l l ,  espec ia l l y  for  
the surfaces t h a t  d i d  not corrode (see Table 6, Teflon and Hastel loy). Unl ike 

cale- formed from untreated brine, the scale formed i n  the presence 
o f  these three addi t ives was soft ,  powdery, and e a s i l y  removed from the 
coupons, espec ia l l y  from the noncorroding specimens. It i s  noteworthy that ,  
t o  the extent t h a t  the Ethoquad 18/25 alone may cause a pseudoscale, the 
presence o f  the acid more than compensates f o r  it. The higher corrosion r a t e  
of 20 mpy a t  125'C f o r  t h i s  mixture (see Table 4) also i s  consistent with 

' 



the apparent reduction 

are s o f t ,  easily removed, and 

rmance of  the Ethoquad/Duomac 



Table 7 summarizes several o f  the sa l i en t  cha rac te r i s t i c  
the  leading candidates for  t compounds t h a t  we now regard 

the s i l i ceous  scales. These s ing le  compounds are r 

addi t ives u l t ima te l y  w i l l  probably be mixtures incorporat ing such compounds. 
Although Mirapol  A-15 was not tested alone as an an t isca la  
very wel l  i n  the prec ip f ta t i on  t e s t  and it 'appears t o  have 
chemical and physical features o f  a good s i l i c a  scale i 

A l l  o f  the products l i s t e d  i n  Table 7 are ava i lab le  
except f o r  the  PAE-HC1, a t  h igh strength, which f a c i l i t  
large scale f a c i l i t i e s .  However, i n  such appl icat ions,  
time o f  mixing i n  the  b r ine  must be allowed t o  insure d 
o f  the ac t ive  compound. The ac t ive  compound, i n  the d i l u t e d  form i n  the 
brine, should also be allowed t o  react  w i th  the 
i n  the geothermal system as possible. Resistanc 
temperatures of the br ines i s  genera l ly  not o f  c 
times involved. But it has been demonstrated2 t 
f a r  upstream i n  the system as possible, where the p a r t i c l  
smallest size, y i e l d s  the greatest  a c t i v i t y  i n  i n h i b i t i o n  
prec ip i ta t ion .  

Another property t h a t  may be s i g n i f i c a n t  i n  the use o f  an organic add i t i ve  
as a geothermal ant iscalant,  depending on the  system design, i s  surface 
activ' ity and tendency t o  form a foam. Foaming i n  steam/brine separators would 
be detrimental t o  t h e i r  operation. Among the fou r  compounds, only Ethoquad 
18/25 and Mirapol A-15 impart some foaming tendency t o  pure water; t h i s  i s  
suppressed by the high s a l t  content o f  the br ine  a t  ambient temperatures. The 
behavior o f  these compounds a t  both h igh-sa l t  and high-temperature condi t ions 

ded as the best s i l i c a  

nh ib i tors ;  however, as w i l l  be discussed be l  s t  ant isca lant  

L 

unds t o  the h igh 

f s i l i c a  are the  

respect t o  foaming i s   unknown,^ but i f  undesirable, i t  could be 
a l i zed  by means o f  an antifoam agent. 

Future u t i l i z a t i o n  o f  the br ines o f  the  Salton S Geothermal F i e l d  w i l l  
probably invo lve  processing o f  the e f f l u e n t  b r ine  f o r  so l i ds  
i n j ec t i on. 29,30 This involves the use o f  a reac tor /c l  
b r ine  contacts a s i l i c a  sludge t o  reduce the  concentration o f  s i l i c a  i n  the  

-34- 
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' e f f l u e n t  t o  equi l ibr ium levels  a t  s90°C. I f such processes are used, the 
impact o f  s i l i c a  p r e c i p i t a t i o n  i n h i b i t o r s  on t h e i r  operation must be 
assessed. The per fect  s i l i c a  p r e c i p i t a t i o n  i n h i b i t o r ,  o f  course, wo 
obviate such so l i ds  removal equipnent. I n  the case o f  the compounds 
have found t o  be good inh ib i t o rs ,  i t  appears t h a t  they have l i t t l e  inf luence 
on the powerful d r i v i n g  force f o r  p r e c i p i t a t i o n  t h a t  i s  provided by the sludge 
contact. 
accelerated the removal o f  s i l i c a  by the sludge cont 
can be concluded t h a t  these less-than-perfect i n h i b i t o r s  probably would have 
no detr imental e f f e c t  on r e a c t o r / c l a r i f i e r  opekations. However, the 
i n j e c t a b i l i t y  o f  the br ine containing scale contro l  addi t ives should s t i l l  be 

I n  some recent j a r  t e s t s Y 3 l  i t  was found that  PAE. 
technique. Thus i t  

examined, because some high molecular weight polymers, even though completely 
32 soluble, are known t o  l i m i t  the passage o f  f l u i d  through small pores, 

Because such large quan t i t i es  o f  chemical would be requ ed, an ove r r i d ing  
consideration i n  the use o f  addi t ives f o r  geothermal scale n t r o l  i s  the cost 
of t-he addi t ive i t s e l f .  Assuming t h a t  1 kWh o f  e l e c t r i c i t y  could be generated 
from 100 l b  o f  b r i ne  a t  the Salton Sea Geothermal Field,33 and the 
concentrat ion o f  add i t i ve  i s  20 ppm, the quan t i t y  o f  addi t ive required would 
be sl ton/day f o r  a t y p i c a l  50 MW power plant. The concentrat ion required 
places a const ra in t  on the cost o f  the addit ive. Assuming t h a t  the cost o f  
power generation i s  33 ~ n i l l / k W h , ~ ~  then a t  20 ppm and $2.00/lb, the addi t ive 
would represent %12% o f  the cost o f  power generation. 

As can be seen i n  the p r i ce  data o f  Table 7, on l y  Ethoquad 18/25 has a 
current p r i c e  -- or even a large-volume projected p r i c e  -- t h a t  approaches the  
cost const ra in t  we have outl ined. Both Ethoquad 18/25 and Mirapol A-15 are 
already r e l a t i v e l y  large-volume comnercial chemicals, but markets are j u s t  
emerging f o r  Corcat P-18 and PAE-HC1. Unfortunately, because o f  t h e i r  
complexity o f  manufacture, the pr ices o f  
t o  remain r e l a t i v e l y  high even i f  adopted 

done very c a r e f u l l y  f o r  each s p e c i f i c  geothermal system design, Costs o f  
various options are changing rapidly,  and the bene f i c ia l  e f fec ts  o f  a chemical 
add i t i ve  t r e a t  t w i l l  always be measured against a l t e r n a t i v e  techn 
scale control .  Since per iod ic  p lant  cleaning w i l l  probably always be 

ca t  P-18 and PAE- HC1, are expected 
r geothermal use. 

Nevertheless, i t  appears t h a t  cost comparisons such as the 
, 





manufacture o f  the compound,' the product contains ,3  equivalents o f  HC1 per 
amine group; thus i n  t h i s  form, the addi t ion o f  35 ppm o f  PAEeHCl would enta' 

effect. However, according t o  Dynapol spokesmen, supplyi 
wi thout neu t ra l l za t i on  would not subs tan t i a l l y  

comitant addi t ion o f  %lo0 ppm o f  HC1, w i t h  the 

Our recomnendati on o f  these compounds f o r  
this t ime as being s p e c i f i c  t o  the brines 

F i  e l  d. Nevertheless , they a1 so appear wor 
resources (e.g., Cerro Pr ieto,  New Zealand, and R a f t  River, Idaho) 
s i l i c a  p r e c i p i t a t i o n  and scal ing are also encountered. A l l  other c 

being equal, they may be more e f f e c t i v e  i n  the lower s a l i n i t y  br ine 
are evaluated a t  other resources, invest igators  s h w l  e aware of the many 
variables t h a t  w i l l  f fec t  t h e i r  performance. r e l a t i v e  ranking of 
potency o f  various compounds may be d i f f e r e n t  
brines. Factors and variables t o  be considered i n  an ant isc  
are the f ol 1 owing: 

erent s i l ica-bear ing 

Brine pH. This fac to r  i s  comple ermines both the 
i o n i c  form o f  the addi t ive compound and the s ta te  o f  the surface 
o f  the s i l i c a  pa r t i c l es .  For example, compared t o  the Ni land 

' b r i n e  pH o f  5-6, more a l ka l i ne  br ines (such as Cerro P r ie to )  
should cause the s i l a n o l  groups on the s i l i c a  t o  be more h i g h l y  
ionized, impart ing a higher densi ty o f  negative charges, and 
making ca t i on i c  addi t ives more s t rongly  adsorbed. 

because the action o f  a p a r t i c u l a r  compound as an ant isca lant  may 
be confined t o  a f a i r l y  narrow concentrat ion range. Compounds 
t h a t  s t rongly  adsorb onto c o l l o i d a l  p a r t i c l e s  
i n  the geothermal br ine)  may, a t  low concentr 

higher concentrations, where the p a r t i c l e s  are completely covered 
by the adsorbed compound, p r e c i p i t a t i o n  and scale depo 
be inh ib i ted.  A t  s t i l l  higher concentrations, the dan 

.. 

Concentration o f  Addit ive. This f a c t o r  i s  extremely important 

scale deposit ion by act ing as b r idg ing  f locculants.  16934 A t  

' overfeeding and p s e u d ~ s c a l e ~ ~  formation exists.  For thes 



,' 

isca lants  should, 
t e s t s  of the  

I d  be designed t o  
t r a t i o n  excursions. 

ti on prof ouondly 

less e f f e c t i v e  a given 

, and the  scales 



a c t i v i t y  as t poi  n t  o f  addi t i o f i n h i b i t o r  approaches the 
n t  stage. Thus wellhead o r \  pre- f i rs t -s tage i n j e c t i o n  i s  

ossible, even though a 
t t h a t  point .  

a c t i v i t y  might 

The type$ o f  compounds t h a t  have em 
s i l i c a  scale i n h i b i t o r s  q u i t e  n a t u r a l l y  

ed from our t e  as e f f e c t i v e  
compounds tha  

i n  fu r the r  tes ts  a t  the S a l t  
thermal s i tes.  Among c have already tested, 

but only as p r e c i p i t a t i o n  i n h i b i t o r s ,  two compounds appear t o  m e r i t  fur ther  
evaluation: Armak's Arquad 18/50, whi 
18/25 (see p. 5 o f  t h i s  report,  and i s  potent; and Rohm and Haas' 
Hyamine 1622, which was tested ear l ier .2  oducts are quaternary 
ammonium compounds without polyoxyet hy l  en 
t h a t  the polyoxyethylene moiety i s  not a 
scale control.)  As noted above, higher molecular we 
American Cyanamid RC-series ca t i on i c  polymeric t e r t i  
tested. 

Another compound o f  in terest ,  which i s  recome 
therapy but i s  only avai lab le i n  research q u a n t i t i  
N-oxide).35 Other N-oxides are also known t o  form 
s i l ica.36 However, these substances are anionic a 
non-ionized s i l a n o l  groups, thus they may not be as e f f e c t i v  
negat ively charged s i l i c a  p a r t i c l e s  i n  the geothermal brines. F ina l l y ,  there 
are a number o f  other ca t i on i c  polymers o f  various types, 37*38 which are used 
p r i n c i p a l l y  as f locculants  i n  water treatment and i n  mineral f l o t a t i o n ,  which 
should be evaluated as s i l i c a  antiscalants; they may o f f e r  cost advantages. 

Since the f i e l d  t e s t  ser ies discussed herein was the f i n a l  one o f  t h i s  
invest igat ion,  i t  may be o f  i n t e r e s t  t o  enumerate b r i e f 1  
about the ove ra l l  scale contro l  i nves t i ga t i on  t h a t  began i n  l a t e  1977. We 
i n i t i a l l y  tested 49 organic compounds of f - l ine t o  obtain a f i r s t  i nd i ca t i on  o f  
the funct ional  groups t h a t  in teracted w i t h  s i l i c a  i n  the hypersal ine 
brine.39 A t o t a l  o f  16 propr ie tary5 and 59 generic (chemically i d e n t i f i e d )  
compounds were then evaluated by means o f  e i t h e r  p r e c i p i t a t i o n  or 

-. 

i s  c s t r u c t u r a l l y  s i m i l a r  t o  Ethoquad 

se i n  s i l i c o s i s  
y- ( 2- v i  n y 1 pyr i d i ne 
drogen bonds w i t h  

a few of the facts 

- 
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scal ing tes ts  using the p i l o t - sca le  br ine treatment t e s t  system (Figure 1). 
addit ion, the e f fec ts  ydruchl o r i c  ined further;  and 

pre l iminary t e s t s  o f  sludge seeding, hydrogen per0 ammoni um hydroxi de, 
and sodiun hydroxide as scale contro l  agents were 

nd 23 other f i rms 

cted, I n  the course o f  
panies were tested 
ted regarding t h e i r  

products from 49 d i f f e r e n  

s 

L 

invest igat ion worthwhile t o  r e c a l l  t h a t  
r t u a l l y  no knowleage ex is ted on the types o f  

compounds t h a t  would i n t e r a c t  w i th  the s i l i c a  i n  the geothermal brine. 
Stabi 1 i z a t i o n  o f  the c o l l o i d a l  s i l i c a  under the-severe condit ions o f  h igh 

the sphere o f  the usua 

was not p e r f e c t l y  r e  

a1 t o  t h a t  which 

* 
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Table 8. Chemical compan 
study. 

A i r  Products 
A ld r i ch  Chemical 
A1 kar i 1 Chemi ca l  s 
American Can 

I C 1  Americas 
Armak Chemicals 
Ash1 and-Sherex 
Austral  Erwin 
3. T. Baker Chemical Nalco Chemical 
BASF-Wyandotte C-E Natco 
Betz Laboratories PYO In te rna t iona l  
8io-Rad Laboratories Shell Chemical 
Cal gon A. E. Staley 
C hampi on C hemi ca 1 s 
C i  ba-Gei gy 
Continental Chemical Southwest Specia l ty  Chemicals 
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3M 
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Dow Chemical 
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DuPont 
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