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i 
SUMMARY li 

The work descr ibed i n  t h i s  r e p o r t  was au thor ized  under Contract  DE-AC06- 

76RLO-1830 f o r  t h e  Uni ted States Department of Energy, D i v i s i o n  o f  Geothermal 

energy. Members o f  The Corrosion and Meta l lu rgy  Section, Ma te r ia l s  Sciences 

Department, Paci f i c  Northwest Laboratory performed t h e  work. 

The depos i t i on  o f  sca le on geothermal p i p i n g  sur faces has been recognized 

as a cause o f  increased pressure drop and d imin ished f l u i d  flow. The two most 
common scales encountered i n  t h e  geothermal energy f i e l d  a re  s i l i c a  and c a l -  

c i t e .  C a l c i t e  s c a l i n g  p o t e n t i a l  i s  t h e  sub jec t  o f  t h i s  repor t .  

The main purpose o f  t h i s  s tudy was t o  o b t a i n  accurate,  r e l i a b l e  c a l c i t e  

so l  ub i  1 i t y  data i n  b r i nes  s imi  l a r  t o  na tu ra l  geothermal b r i nes  over t h e  temper- 

a t u r e  range o f  most known e x p l o i t a b l e  geothermal resources. 

thermal f l u i d  e q u i l i b r i u m  modeling e f f o r t s  and data bases can be r e f i n e d  and 

f i ne - tu rned  w i t h  respect t o  t h e  commercial ly impor tant  ca lc i te-geothermal  f l u i d  

s t a b i l i t y  problem w i t h  these data. 

I n  add i t i on ,  geo- 

The e f f e c t  o f  sodium c h l o r i d e  and sodium b icarbonate on t h e  s o l u b i l i t y  o f  

CaC03 ( c a l c i t e )  i n  h igh  temperature s o l u t i o n s  was measured over the  100°C 

t o  300°C temperature range. 

5 - mM NaHC03, and 0.003 t o  0.1 - t l  C02. 

var ious temperatures are presented i n  tabu la r ,  g raph ica l ,  and regress ion-  

equat ion form f o r  each b r i n e  composi t ion tested. 

The b r i n e s  s tud ied  conta ined 0 t o  5 w t %  NaCl , 0 t o  

The data d e t a i l i n g  c a l c i t e  s o l u b i l i t y  a t  
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INTRODUCTION 

The deposi t ion o f  scale on geothermal p i p i n g  surfaces has been recognized 

as a cause o f  increased pressure drop and decreased f l u i d  f low. 

common scales encountered i n  the  geothermal energy f i e l d  are s i l i c a  and c a l -  

c i t e .  C a l c i t e  sca l i ng  po ten t i a l  i s  discussed i n  t h i s  repor t .  

The two most 

The experimental work described here provides a data base t h a t  w i l l  a l low 

the  c a l c u l a t i o n  o f  c a l c i t e  sca l i ng  po ten t i a l  when geothermal b r ines  o f  d i f f e r -  

ent  chemical composit ion are mixed. Equal ly important t o  geothermal energy 

e x t r a c t i o n  i s  c a l c i t e  p r e c i p i t a t i o n  r e s u l t i n g  from C02 release dur ing  f l a s h  

b o i l i n g  o f  t h e  f l u i d .  

repor t .  

This l a t t e r  t o p i c  i s  not  s p e c i f i c a l l y  addressed i n  t h i s  

Br ine  mixings may occur dur ing  th ree  r e a d i l y  i d e n t i f i a b l e  common 

s i tua t i ons .  

1. Water from two aqu i fe rs  o f  d i f f e r e n t  chemical composit ion can mix i n  

a geothermal supply we l l .  

2. Commercial power p lan ts  r e l y  on several d i f f e r e n t  we l l s  t o  supply hot  

b r i ne  t o  t h e i r  heat exchangers o r  f l a s h  separator. 

c o n t r i b u t i n g  t o  the  ove ra l l  f low may have s u f f i c i e n t l y  d i f f e r e n t  

chemical composition such t h a t  p r e c i p i t a t i o n  ( sca l i ng )  occurs when 

the  f lows are combined o r  when b r i n e  i s  combined w i t h  f l u i d s  o f  a 
d i f f e r e n t  pH. 

Each we l l  

3.  Rein jec t ion  o f  spent b r i n e  may r e s u l t  i n  sca l i ng  where the  spent 

b r i n e  meets ground water. 

The data base developed here w i l l  be used t o  improve computer models o f  

c a l c i t e  sca l i ng  p o t e n t i a l  . Ul t imate ly ,  a r e a l i s t i c  computer model along w i t h  

accurate chemical analyses o f  b r i n e  compositions can be used t o  p r e d i c t  sca l i ng  

behavior and po ten t i  a1 . 





EXPERIMENTAL 

I n  order  t o  measure c a l c i t e  s o l u b i l i t y  under high-temperature cond i t ions ,  

several  parameters must be accura te ly  measured and c o n t r o l  led.  

1. 

2. 

3. 

4. 

5. 

The composi t ion o f  t h e  s imulated b r i n e  be fore  i t  i s  exposed t o  s o l i d  

c a l c i t e  must be determined. 

S u f f i c i e n t  e q u i l i b r a t i o n  t i m e  must be prov ided f o r  t h e  exposure of 

t h e  simul a ted b r i  ne t o  c a l c i t e .  

The exposure chamber must be maintained a t  s u f f i c i e n t  pressure t o  

ensure t h a t  t h e  s imulated b r i n e  remains t o t a l l y  l i q u i d  even a t  tem- 

peratures up t o t  300°C. 

The temperature a t  which e q u i l i b r a t i o n  takes p lace must be accura te ly  

known. 

Methods o f  sampl i ng t h e  equi 1 i bra ted  b r i n e  and accura te ly  determi n i  ng 

t h e  ca lc ium content o f  t h e  sample must be ava i lab le .  

The apparatus shown schemat ica l ly  i n  F igure  1 and descr ibed below was 

designed t o  s a t i s f y  these c r i t e r i a .  

25-cm l e n g t h  o f  Inconela t u b i n g  packed w i t h  5-mm and smal ler  p ieces of I ce land 

spar ( c a l c i t e ) .  

t h e  ca lc i te-packed tube against  a back-pressure c o n t r o l l e r  s e t  a t  1900 

t o  2000 p s i .  

was o r i g i n a l l y  p a r t  o f  a gas chromatograph (GC) . Oven temperature and a i r  
c i  r c u l  a t i  on are c o n t r o l  1 ed by t h e  o r i g i n a l  gas chromatograph c o n t r o l  s and 

sensors. The t u b i n g  and t h e  f i t t i n g s  i n  t h e  heated p a r t  o f  t h e  system are  

e i t h e r  Inconel  600 o r  Haste l loy  C.@ C a l i b r a t e d  thermocouples a t  both t h e  i n l e t  

and o u t l e t  of t h e  c a l c i t e  packed tube are d i r e c t l y  i n  t h e  f l o w i n g  t e s t  s o l u t i o n  

stream. The ca lc i te-packed tube i s  s i t u a t e d  v e r t i c a l l y  i n  t h e  GC oven w i t h  t h e  

s o l u t i o n  o u t l e t  a t  t h e  top. 

The hear t  o f  t h e  system i s  a s t r a i g h t  

The t e s t  s o l u t i o n  (s imulated b r i n e )  i s  s lowly  pumped through 

The heated p a r t s  o f  t h e  system are contained w i t h i n  an oven t h a t  

Q Inconel  i s  a r e g i s t e r e d  trademark o f  INCo A l l o y s  I n t e r n a t i o n a l ,  

@ 

Hunt i  ngton, West V i  r g i  n i  a. 
Has te l loy  i s  a r e g i s t e r e d  trademark o f  Cabot Corporat ion,  Kokomo, Indiana. 
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FIGURE 1. Schematic Diagram o f  Experimental Apparatus - 



A temperature d i f f e r e n t i a l  o f  approximately 5°C on t h e  ca lc i te-packed tube 

was observed throughout t h e  t e s t s ;  t h e  h igher  temperatures were always observed 

a t  t h e  s o l u t i o n  o u t l e t  ( top) .  Therefore, t h e  h o t t e s t  p a r t  of t h e  system, where 

s o l u t i o n  i s  i n  contact  (and e q u i l i b r a t e d )  w i t h  c a l c i t e ,  i s  a t  t h e  end o f  t h e  

contac t  zone. 

CaC03, whi ch has a negat i ve temperature coef f i c i  ent  o f  so l  ub i  1 i t y  . 
s o l u b i l i t y  a t  t h e  h igher  o u t l e t  temperature helps t o  assure s a t u r a t i o n  a t  t h e  

o u t l e t .  Temperatures given i n  t h e  data tab les ,  f igures ,  and regress ion equa- 

t i o n s  throughout t h e  r e p o r t  are those measured a t  t h e  e q u i l i b r a t i o n  column 

o u t l e t .  

Th is  s i t u a t i o n  i s  p r e f e r r e d  i n  working w i t h  a compound l i k e  
The reduced 

A t h i r d  thermocouple i s  used t o  moni tor  t h e  temperature o f  t h e  feed 

The combination pH e lect rodes are used t o  moni tor  t h e  chemical s t a -  s o l u t i o n .  

b i l i t y  o f  both t h e  i n l e t  and o u t l e t  so lu t ions .  

o u t l e t  s o l u t i o n  i s  used as t h e  c r i t e r i o n  f o r  system e q u i l i b r a t i o n  a f t e r  each 

new temperature i s  reached. 

An absence o f  pH d r i f t  of t h e  

A sample o f  t h e  o u t l e t  s o l u t i o n  i s  taken f o r  ana lys is  s imply by changing 

t h e  p o s i t i o n  o f  t h e  6-port  sampling va lve and r i n s i n g  t h e  sample loop w i t h  

a c i d i f i e d  (HC1) de ion ized (01) water. The sample s o l u t i o n  and washings a r e  

caught i n  a vo lumetr ic  f l a s k .  

f lask/sample loop volume r a t i o  can be se lec ted  so t h a t  t h e  ca lc ium content of  

t h e  d i l u t e d  sample w i l l  f a l l  w i t h i n  t h e  range of t h e  standards used t o  c a l i -  

b r a t e  t h e  Atomic Absorpt ion (AA) Spectrophotometer. Standards and samples used 

i n  AA ana lys is  each conta in  4000 ppm Lanthanum (La), as suggested i n  t h e  
inst rument  manufacturer 's ( Ins t rumenta t ion  Labora tor ies)  recommended procedures 

f o r  c a l  c i  um ana lys is  when u s i  ng a i  r -acety lene f 1 ames . The t e s t  sol u t i  on reser -  

v o i r  i s  a 52-gal g lass- l ined  h o t  water heater  w i t h  t h e  heaters and t h e  i n t e r n a l  
s a c r i f i c i a l  anode removed. A l l  f i t t i n g s  and t u b i n g  sec t ions  associated w i t h  

t h e  t e s t  s o l u t i o n  r e s e r v o i r  a re  s t a i n l e s s  s t e e l  (316 and 304). The h igh-  

pressure p a r t  o f  t h e  system i s  plumbed w i t h  1/8-in. o r  smal ler  Inconel-"600 

tub ing .  The low-pressure p a r t  i s  plumbed w i t h  1/4-in. s t a i n l e s s  tub ing.  

With experience, t h e  appropr ia te  s i z e  vo lumetr ic  





PROCEDURE 

This sec t i on  exp la ins  t h e  procedure fo l lowed i n  t h e  p repara t i on  and 

t reatment  o f  t e s t  so lu t i ons ,  t he  s ta r t -up ,  and i n  normal operat ion.  

PREPARATION AND TREATMENT OF TEST SOLUTIONS 

Appropr ia te q u a n t i t i e s  o f  s a l t s  and deion ized water were in t roduced i n t o  

t h e  feed tank. 

The feed tank system was then c losed and t h e  r e c i r c u l a t i o n  blower was a c t i v a t e d  

t o  ensure t h e  complete mix ing  and e q u i l i b r a t i o n  o f  makeup gas w i t h  t h e  so lu -  

t i o n .  The feed-tank-system gas pressure was s low ly  increased under cont inuous 
b lower-dr iven c i r c u l a t i o n  u n t i l  t h e  des i red  overpressure was achieved. A Sam- 

p l e  o f  feed-tank l i q u i d  was withdrawn f o r  chemical analys is .  

The s o l u t i o n  was sparged w i t h  make-up gas f o r  1 t o  2 hours. 

START-UP 

Before t h e  oven was tu rned on, appropr ia te  valves were opened and c losed 

t o  bypass t h e  exposure chamber. The high-pressure feed pump was s ta r ted .  The 

pumping r a t e  was adjusted t o  i t s  maximum (about 8 mL/min), and t h e  bypass sys- 

tem and sample va lve  plumbing was f lushed u n t i l  t h e  o u t l e t  and i n l e t  pH values 

were near l y  t h e  same. The pump s t roke  was then reduced so t h a t  f l o w  r a t e  was 

about 2 mL/min and t h e  exposure chamber was valved i n .  The GC oven and asso- 

c i a t e d  c i r c u l a t i n g  fan  were then tu rned on, and t h e  thermostat  was s e t  a t  a 

nominal 100'C. 
obta ined from t h e  o u t l e t  pH elect rode.  Tests o f  t h e  flow r a t e  versus the c a l -  

cium content  o f  t h e  water v e r i f i e d  t h a t  t r u e  e q u i l i b r i u m  was achieved (see pre-  

l i m i n a r y  experiments and r e s u l t s ) .  A f t e r  another 45 t o  60 minutes, an e f f l u e n t  

sample was taken by appropr ia te  mani pu l  a t i o n  o f  t h e  s i  x-por t  sampl i ng Val ve; 

t h e  sample's ca lc ium content  was determined l a t e r .  

Approximately 45 minutes l a t e r ,  a steady pH reading was 

NORMAL OPERATION 

A f te r  approximately two hours o f  opera t ion  a t  100°C and sample acqu is i -  

t i o n ,  t h e  thermostat  was se t  t o  a nominal 125OC. Two hours were al lowed t o  

elapse, and e f f l u e n t  was sampled again. This process was cont inued a t  

7 



25°C increments, u n t i l  300°C was reached. As t h e  temperature was decreased, 

e f f l u e n t  samples were taken a t  2OO"C, 150"C, and 100°C, a f t e r  approximately 

2 hours a t  each temperature s e t t i n g .  The oven was tu rned o f f  a f t e r  t h e  f i n a l  

sampling, and t h e  system was al lowed t o  r e t u r n  t o  room temperature. 

The feed tank was then r e f i l l e d  w i t h  t h e  next t e s t  so lu t i on ,  and t h e  whole 

process was repeated . 
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CHEMICAL ANALYSES 

This sec t ion  d e t a i l s  t h e  chemical analyses performed on t h e  feed s o l u t i o n  

and t h e  e f f l u e n t  s o l u t i o n .  

FEED SOLUTION 

The feed s o l u t i o n  tank was sampled f o r  C02 content  and Cl ' ,  and/or H C O i ,  

as appropr ia te.  

analys is .  Ch lor ide  was determined us ing  i o n  chromatography. Bicarbonate was 

determi ned tit ramet r i  c a l  l y  . 
The COP sample was preserved i n  1 - N NaOH f o r  l a t e r  t i t r a m e t r i c  

The C02 content  o f  t h e  feedwater i s  given w i t h  each data t a b l e  and i n  most 

Because C02 i s  consumed i n  t h e  c a l c i t e  s o l u b i l i z a t i o n  o f  t h e  graphs. 

r e a c t  i on : 

CaC03(s) + C02(aq) + H20 t Ca2+ + 2HCOi 

t h e  C02 concentrat ion o f  t h e  e q u i l i b r a t e d  s o l u t i o n  i s :  

where S i s  t h e  molar s o l u b i l i t y  o f  c a l c i t e ,  t h e  bracketed q u a n t i t i e s  are molar 

concentrat ions,  and FW r e f e r s  t o  feedwater. The molar b icarbonate i o n  

concent r a t  i on i n each equi 1 i bra ted  so l  u t i  on i s  g i  ven by : 

[CO,] = [C02],, - S 

The f u g a c i t y  o f  C02, which i s  needed f o r  e q u i l i b r i u m  c a l c u l a t i o n s  a t  each tem- 

pera ture  and feedwater composition, can be est imated from t h e  data o f  E l l i s  and 

Go1 d i  ng (1963) . 
EFFLUENT SOLUTION 

The e f f l u e n t - s o l u t i o n  sample obtained from t h e  HPLC valve sample loop was 

analyzed f o r  ca lc ium content us ing  AA spectroscopy. A l l  samples and standards 

asp i ra ted  i n t o  t h e  AA n e b u l i z e r  contained 4000 ppm La and 2% HC1. 

working range was found t o  be 0 t o  2 ppm Ca; therefore,  samples were d i l u t e d  

a p p r o p r i a t e l y  t o  f a l l  w i t h i n  t h i s  range. 

The l i n e a r  





PRELIMINARY EXPERIMENTS AND RESULTS 

This sec t i on  d e t a i l s  t h e  p r e l i m i n a r y  experiments made and t h e  r e s u l t s  

obta ined from these t e s t s .  

EFFECT OF FLOW RATE 

Tests were performed a t  t h r e e  d i f f e r e n t  nominal temperatures, us ing  

deminera l ized water e q u i l i b r a t e d  w i t h  a nominal 5 p s i g  overpressure o f  C02. It 

was impor tant  t o  e s t a b l i s h  t h e  f l o w  r a t e  t h a t  would a l l o w  s u f f i c i e n t  res idence.  
t ime  i n  t h e  c a l c i t e  e q u i l i b r a t i o n  tube t o  ensure equ i l i b r i um.  The h ighes t  f l o w  

r a t e  t h a t  would r e s u l t  i n  chemical e q u i l i b r i u m  was deemed d e s i r a b l e  t o  shor ten 

t h e  i n t e r v a l  between sampl i ngs a f t e r  each new thermal equi 1 i b r i  um was estab- 

l i shed .  Table 1 summarizes t h e  r e s u l t s  o f  f l o w - r a t e  dependence t e s t s .  Samples 

were taken approximately 1 hour a f t e r  e i t h e r  temperature o r  f l o w  r a t e  was 

changed. 

A t  lower  temperatures (-lOO°C), h igher  f l o w  ra tes  above 2.95 mL/min d i d  

not a l l ow  s u f f i c i e n t  residence t ime t o  ensure chemical equ i l i b r i um.  A t  h igher  

temperatures (-3OO0C), h igher  f l o w  r a t e s  y i e l d e d  h igher  concent ra t ions  o f  Ca 

i n  t h e  e f f l u e n t .  

2+ 

( A n a l y t i c a l  p r e c i s i o n  was on ly  f a i r  a t  t he  low ca lc ium 

TABLE 1. Flow-Rate Dependence Tests--Feedwater Was Deionized 
Water E q u i l i b r a t e d  w i t h  5 p s i g  C02 

Temperature 
OC 

Pump Stroke 
Percent  

Flow Rate, 
m V m l  n 

106 

105 

104 

103 

150 

149 

148 
149 

31 3 

31 3 

312 
308 

20 
40 
70 

100 

20 
40 
80 

100 

20 
40 

70 

100 

1.10 

2.95 

5.60 

8-15 

1.10 

2 -95 

6.47 

8.15 

1.10 

2.95 

5 060 
8-15 

Ca I C  i urn 
Concentration 
E f f l u e n t ,  mg/L 

174 

173 

156 

155 

78 

78 

80 

79 

0.79 

1.1 
1.4 

1.9 
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concentrations encountered a t  300°C). 
t i a l  of the reactor column (colder a t  in le t )  and h i g h  flow rate leads t o  a 
supersaturated s ta te  a t  the warmer column outlet, which d i d  not equilibrate t o  
saturation fast  enough. 
not  affect effluent Ca2+ concentration a t  least over the accessible range of 

f 1 ow rates . 1 

[Perhaps a wider temperature differen- 

A t  an intermediate temperature (-15OoC), flow rate d i d  

A pump stroke of 30% (2.0 m L / m i n )  was chosen as the value t o  use i n  a l l  
This slow flow rate allowed long  residence times i n  subsequent experiments. 

the reactor vessel and also led t o  a small temperature differential across the 
reactor equilibration zone. 

From these flow-rate dependence tes t s  and the experiences gained la te r  i n  
the tes t  sequence the most reliable d a t a  were believed t o  be those obtained i n  
the 125" t o  25OoC temperature range. 
included practica geothermal f l u i d  temperatures where solubility d a t a  were the 
most relevant and were not available in the literature. 

Fortunately, this  temperature range 

12 



EXPERIMENTAL TEST AND RESULTS 

The f i r s t  t e s t  was done w i t h  de ion ized water e q u i l i b r a t e d  w i t h  C02(g) a t  a 
The measured C02 concen- nominal 20 p s i a  p a r t i a l  pressure a t  room temperature. 

t r a t i o n  o f  t h e  feedwater was 0.0368M. - 
r e s u l t s  obtained from t h e  apparatus us ing  t h e  descr ibed procedure would ade- 

quate ly  reproduce t h e  data obtained by o ther  i n v e s t i g a t o r s  who had p r e v i o u s l y  

charac ter ized  t h i s  s imple H20-C02-CaC03 system. 

Table 2. A curve f i t  equat ion i s  a l s o  given i n  Table 2 t o  permi t  i n t e r p o l a t i o n  

o f  t h e  data. 

This t e s t  was performed t o  conf i rm t h a t  

The r e s u l t s  are given i n  

Professor 3 .  H. Weare ( U n i v e r s i t y  o f  C a l i f o r n i a  - San Diego), us ing  h i s  

computer model and data base based on t h e  accepted accurate data o f  E l l i s  

(1959), suppl ied p r e d i c t e d  values o f  c a l c i t e  s o l u b i l i t y  a t  100°C, 150"C, and 

200°C i n  the C02-H20 m a t r i x  de f ined above. These values, designated as 

TABLE 2. C a l c i t e  S o l u b i l i t y  i n  onized Water 
Conta in ing 0.0368M - C02 

0 Temperature, C 

100.1 

148.5 

196 

249 

227 

1 54 

103.5 
98.6 

152.3 

126.5 

CaC03 So lub i l i ty ,  
(b )  ma Ca/L .. . 

140 

72 

30 

9.8 
17 

64 

132 
144 

65 

98 

2 S(mg Ca/L) = 363.4 - 2.792 T + 0.0055T 

( a )  Measured in  feed solution a t  a b i e n t  temperature. 
(b)  Measured a t  ambi ent temperature. 
Note: Data were obtained I n  the  order given which Is 

( T  in  OC) 
r = 1.00 

d l f f e r e n t  from the standard rout ine out l ined i n  the 
experimental section. This t e s t  emphasized obtaining 
g q  agreegent with 06. Weare's predicted values a t  
100 c, 150 C, and 200 C. 

13 



"previous work" i n  F igure  2, a re  superposed on t h e  da ta  f rom t h i s  work. These 

data a re  d isp layed g r a p h i c a l l y  i n  F igure  2. The agreement i s  very good and 

v e r i f i e d  t h a t  t h e  t e s t  procedure gave r e l i a b l y  accurate values f o r  c a l c i t e  

so lub i  1 i t y  . 
TEST MATRIX 

The s o l u b i l i t y  o f  c a l c i t e  (CaC03) as a func t i on  o f  temperature was sys- 

t e m a t i c a l l y  i n v e s t i g a t e d  as a f u n c t i o n  of t h e  va r iab les  NaC1, C02, and 

NaHC03. S p e c i f i c a l l y ,  c a l c i t e  s o l u b i l i t y  as a func t i on  o f  temperature was 

measured i n :  

1. 
2. 

1% NaCl , 3 l e v e l s  o f  C02 

2% NaC1, 3 l e v e l s  of C02 

3. 

4. 
5. 

5% NaCl , 3 l e v e l s  o f  C02 

5 - mM NaHC03 2 l e v e l s  o f  C02 
0.75 mM NaHC03 2 levels o f  C02 

1.0368M CO, 

I I I I I I I I 
100 120 140 160 180 200 220 240 2 

Temperature, "C 

FIGURE 2. C a l c i t e  S o l u b i l i t y  i n  Deionized Water 

14 



6. 3 mix tu res  con ta in ing  d i f f e r e n t  NaCl concentrat ions,  2 d i f f e r e n t  

NaHC03 concentrat ions,  and 3 d i f f e r e n t  CO2 concentrat ions.  

The above values o f  NaCl and NaHC03 a re  nominal; t h e  ac tua l  values are  

Also, t h e  l e a s t  squares 

shown i n  each t a b l e  and graph. 

through 18 and are  p l o t t e d  i n  F igures 3 through 7. 

regress ion equat ion i s  g iven f o r  each data se t  i n  t h e  t a b l e s  t o  f a c i l i t a t e  

c a l c u l a t i o n  o f  c a l c i t e  s o l u b i l i t y  a t  any temperature i n  t h e  100" t o  275°C 

range. Using t h e  regress ion equat ions t o  p r e d i c t  s o l u b i l i t y  above 

approximately 275OC i s  no t  recommended. 

The s o l u b i l i t y  data a re  summarized i n  Tables 3 

15 



TABLE 3. C a l c i t e  S o l u b i l i t y  i n  0.95% NaCl o u t i o n  
Conta in ing 0.00309 2 0.0018 M C02 Sa 1 - 

0 
Temperature, C 

100.1 

119.8 

149.3 

172 

197.5 

223 . 5 

247 

272 

290 

197.8 

152.6 

96.6 

caco3 Solu I I t y ,  
?b! mg Ca/L 

61 

55 

46 

37.5 

25 

20.8 

13.8 

9.7 

8.3 
26.2 

44.5 

64 

S(mg Ca/L) = 112.52 - 0.5652T + 0.0006916T2 ( T  i n  " C )  

These data are d isp layed g r a p h i c a l l y  I n  F igure 3. 
(a )  Measured I n  feed s o l u t i o n  a t  ambient temperature. 
(b )  Measured a t  m b l  ent  temperature. 

r = 1.00 

TABLE 4. C a l c i t e  S o l u b i l i t y  i n  0.98% NaCl S l u t i o n  
Conta in ing 0.0375 f 0.0007 - M C02(ay 

Temperature, OC 

106.1 

123.7 

153.5 

174.9 

20 1 
230 

253 

295 

195 

149.2 

98.6 

CaC03 Solu I I t y ,  
?b\ ma Ca/L 

164 

128 

102 

86.5 

66.5 

42.3 

31 

15.2 

68.5 

115 

186 

S(mg Ca/L) = 348.05 - 2.0605 T + 0.0032 T2 

These data a re  d isp layed g r a p h i c a l l y  I n  F igure 3. 
(a )  Measured i n  feed s o l u t i o n  a t  ambient temperature. 
(b )  Measured I n  ambient temperature. 

r = 0.99 
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TABLE 5. C a l c i t e  S o l u b i l i t y  i n  0.98% NaCl S l u t i o n  
Containing 0.0682 2 0.0045 - M C02(aT 

0 Temoerature. C 
CaC03 Solubi I i t y ,  

ma Ca/L(b) 

98.5 

123.4 

150.4 

175 

200 

226 

25 I 
276 

300 

195.6 

99.6 

145 

218 

162 

125 

97.5 

73 

54.5 

38.6 

25.8 

16.3 

76.5 

206 

125 

2 . S(mg Ca/L) = 424.99 - 2.6133T + 0.0042T ( T  in "0 
r = 1.00 

These data are displayed graphically In Flgure 3. 
(a )  Measured In  feed solution a t  amblent temperature. 
( b )  Measured a t  anblent temperature. 

0 0.00309 M C02  
0 0.0375 M CO, 
0 0.0682 M CO, 

250 ---I 

= 
"75 100 125 150 175 200 225 250 275 300 

Temperature, O C  

FIGURE 3. C a l c i t e  S o l u b i l i t y  i n  Approximately 1% NaCl 
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TABLE 6. Calcite Solubility in 1.92% NaCl S 1 bility 
Containing 0.00386 f 0.00011 M C02 PaY - 

0 
Temperature, C 

98.9 

118.2 

144.6 

169.4 

197.4 

223.5 

249 

272 

29 1 

203 

CaC03 S o l u b l l l t y ,  
mg Ca/L(b) 

68 

54.5 

49 

40 

29.6 

23.4 

18 

13.9 

11.5 
28 

2 S(mg Ca/L) = 119.83 - 0.6269T + 0.000872 

These data are  dlsplayed g raph ica l l y  I n  F lgure  4. 
(a )  Measured I n  feed s o l u t i o n  a t  ambient temperature 
(b) Measured i n  ambient temperature 

(T i n  "0 
r = 1.00 

TABLE 7. Calcite Solubility in 1.88% NaCl S lution 
Containing 0.0398 f 0.0011 M C02( a9 - 

0 Temperature. C 
caco3 Solu i i t y ,  

?b! ma Ca/L 
100.2 

125.1 

150.4 

174.8 

197.7 

225.6 

250 

2 74 

200 

168 

125 

100 

73 

62 

44 

28.4 

298 18.6 

198.4 

147.2 

96.3 

79.5 

137 

224 

S(mg Ca/L) = 417.03 - 2.4817T + 0.0039T2 (T I n  OC) 

These data a re  dlsplayed g raph ica l l y  i n  F igure  4. 
(a)  Measured I n  feed s o l u t i o n  a t  ambient temperature. 
(b )  Measured a t  ambient temperature. 

r = 1.00 
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TABLE 8. C a l c i t e  S o l u b i l i t y  i n  1.88% NaCl S l u t i o n  
Containing 0.0852 f 0.0016 C O Z ( ~ ~  

300 

0 Temverature. C 

0 0.00386 CO, 

0 0.0852 M CO, 
- 0 0.0398 M CO, 

- 

96 

121.8 

147.5 

174 

197.1 

226 

250 

275 

297 

197.0 

151.1 

100.6 

CaC03 Solub i l i ty ,  
mg Ca/L(b) 

276 

202 

153 

127 

96.5 

74 

43.6 

36 ' 

26.6 

95.5 

162 

260 

2 
S(mg Ca/L) = 532.32 - 3.269T + 0.0053T (T  in  "0 

These data are displayed graphical ly  i n  Figure 4. 
(a )  Measured in  feed solution a t  ambient temperature. 
(b) Measured a t  anbient temperature. 

r = 1.00 

- -  
01 ' ' ' ' ' ' ' ' I ' I ' ' ' ' ' 

Temperature. OC 

FIGURE 4 .  C a l c i t e  S o l u b i l i t y  i n  1.9% NaCl 
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TABLE 9. Calcite Solubility in 4.56% NaCl S 1 tion 
Containing 0.00307 f 0.00027 M C02 PaY - 

Temperature, OC 

98.0 

114.9 

144.4 

168.0 

20 1 

225 

248 

272 

293 

202 

149.5 

CaC03 Solubi  I i t y ,  
ma Ca/L(b) 

76 

70 

63 

51 

37.6 

32 

27 

' 23.2 

19.5 

37.6 

61 

S(mg Ca/L) = 128.95 - 0.5863T + 0.000715? (T  I n  "0 

These data a re  displayed g raph ica l l y  i n  F igure  5. 
(a)  Measured i n  feed s o l u t i o n  a t  ambient temperature. 
(b)  Measured a t  ambient temperature. 

r = 0.99 

TABLE 10. Calcite Solubility in 4.78% NaCl S lution 
Containing 0.0423 f 0.0014 - M C O Z ( ~ ~  

Temoerature. OC 

CaC03 So lub i l  i t y ,  
mq Ca/L(b) 

100.8 

L22.9 

149.1 

173.8 

196.2 

225 
248 

273 

297 

197.8 

150.7 

102.9 

212 

198 

142 

125 

100 

80.5 

60.8 

47.6 

36 

102.5 

142 

210 

S(mg Ca/L) = 389.77 - 2.0221T + 0.0028T2 (T  i n  "0 

These data a re  displayed g raph ica l l y  I n  F igure  5. 
(a )  Measured i n  feed s o l u t i o n  a t  ambient temperature. 
(b )  Measured a t  ambient temperature. 

r = 1.00 
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TABLE 11. C a l c i t e  S o l u b i l i t y  i n  4.78% NaCl S l u t i o n  
Conta in ing 0.0984 f 0.0011 - M C02(a? 

Temoerature. 'c 
105.2 

124.5 

152.9 

174.4 

200 

228 

25 1 
274 

caco3 Solu I l i t y ,  
mg Ca/L Lib) 

234 

214 

200 

181 

145 

1 1 1  

77 

61 

294 49 

203 

149.8 

107.3 

132 

194 

24 2 

2 
S(mg Ca/L) = 342.66 - 0.9478T - 0.000267T 

These data are shown graphical ly  I n  Figure 5. 
( a )  Measured in  feed solution a t  ambient temoerature. 
(b)  Measured a t  anbient temperature. 

(T  in  OC) 
r = 0.99 

0 0.00307 M C02 
Q 0.0423 M C02 
0 0.0984 M CO2 

I t l 1 l l l ' l " ' l ' l '  
1 0 0  125 150 175 200 225 250 275 3 

Temperature, OC 

FIGURE 5. C a l c i t e  S o l u b i l i t y  i n  4.7% NaCl 
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TABLE 12. C a l c i t e  S o l u b i l i t y  i n  0.72 
S o l u t i o n  Conta in ing 0.0373 

- mM NaHC03 (44  yy)HCOj/L) 
f 0.0016 - M C02 

Temperature, OC 

98.1 

122.8 

148.6 

173.4 

202 

2 24 
250 

274 

295 

198.6 

148.6 

98.9 

CaC03 Solubi  I i t y ,  
mg Ca/L(b) 

127 

88 

64 

36 

21 

12 

5 

2 

1 
22 

65 

130 

2 S(mg Ca/L) = 313.58 - 2.3253T + 0.0043T 

These data a re  shown g raph ica l l y  I n  F igure  6. 
(a)  Measured I n  feed s o l u t l o n  a t  ambient temperature. 
(b )  Measured a t  ambient temperature. 

(T  i n  OC) 
r = 1.00 

TABLE 13. C a l c i t e  S o l u b i l i t y  i n  0.75 mM NaHC03 (46 y!)HCOS/L) 
S o l u t i o n  Conta in ing 0.0854 -10.0045 - M C02 

Temperature, OC 

97.1 

121.5 

148.6 

172.5 

202 

222 

CaC03 SolubI I t y ,  
(b! ma Ca/L 

174 

129 

82.4 

47.0 

28.7 
17.6 

250 7.4 

272 

292 

203 

150.4 

100.9 

3.0 
0.8 

27.3 

65.2 

139 

2 S(mg Ca/L) = 391.28 - 2.8925T + 0.0054T 

These data a re  shown g raph ica l l y  i n  FIgure 6. 
(a )  Measured I n  feed s o l u t i o n  a t  amblent temperature. 
(b )  Measured a t  ambient temperature. 

(T I n  OC) 
r = 0.99 
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( 4 4  rnyatfO$L) Solut ion Containing 0.03w f 0.0 a 57 
TABLE 14. C a l c i t e  S o l u b i l i t y  i n  1.98% NaC1, 0.72 rnM NaHCO 

- M C02 

TemDerature. OC 
CaC03 So lub i l i ty ,  

mg Ca/LCb) 

101.1 

126.3 

152.4 

214 

156 

114 

177 95 

204 

226 

253 

276 

304 

206 

152.4 

103.6 

69 

53.2 

35.5 

24.2 

14.1 

70 

119 

196 

2 
S(mg Ca/L) = 419.85 - 2.5648T + 0.0041T 

These data are displayed graphical ly  In  Figure 6. 
(a )  Measured I n  feed solution a t  ambient temperature. 
(b)  Measured I n  ambient temperature. 

( T  in  "0 
r = 1.00 

300 

mM NaHCO,. 0.0854 M CO, 
0.72 & NaHC03. 0.0346 C02. 1.98% NaCl 

+ 200 

F 
m u 

>: 
a 
.- - 
- s 

ti 100 

0 

0 
- .- - 

0 
75 100 125 150 175 200 225 250 275 

Temperature. OC 

FIGURE 6 .  C a l c i t e  S o l u b i l i t y  i n  0.7 rnM NaHC03 - 
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?a919 
TABLE 15. C a l c i t e  S o l u b i l i t y  i n  5.15 mM NaHCO (31  

So lu t ion  Containing 0.0375 F0.006 C02 

Temperature, "C 
99.2 

124.2 

151.4 

175.6 

202 

223 

25 1 
274 

294 

20 1 

148 

97.4 

CaC03 S o l u b i l i t y ,  
mg Ca/L(b) 

74.2 

40.9 

20.7 

9.6 

3.6 

1.4 

0.5 

0.2 

0.2 

3.6 
24.2 

87.1 

HCOS/L ) 

S(mg Ca/L) = 225.75 - 1.9209T + 0.004T2 ( T  i n  OC) 

These data are  displayed g raph ica l l y  i n  F igure  7. 
( a )  Measured I n  feed s o l u t i o n  a t  ambient temperature. 
(b)  Measured a t  ambient temperature. 

r = 0.98 

TABLE 16. C a l c i t e  S o l u b i l i t y  i n  5.20 mM NaHC03 (317 m HCOS/L) 
So lu t i on  Containing 0.0867 F0.0068 M C02(a SI - 

0 Temmrature. C 
100.2 

123.5 

150.5 

174.5 

202 

224 

252 

276 

302 

202 
147.7 

96.2 

CaC03 Solubi I i t y ,  
mg Ca/Lcb) 

110 

70 

33.5 

15.8 

6.2 

2.5 

0.7 

0.5 
0.15 

6.2 
35.5 

121 

2 S(mg Ca/L) = 316.12 - 2.623T + 0.0053T ( T  i n  OC) 

These data are  displayed g raph ica l l y  i n  F igure  7. 
(a)  Measured i n  feed s o l u t i o n  a t  ambient temperature. 
(b )  Measured a t  ambient temperature. 

r = 0.99 
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TABLE 17. Calcite Solubility in 0.93% NaC1, 5.53 mM NaHC03 
(337 mg HCO, L Solution Containing O.Om9 + 
0.0057 M CO2 fa 1 - 

0 
Temperature, C 

104 

127.8 

153.4 
178.6 

203 

226 

253 

277 

caco3 Solu ?b l  I i t y ,  
mg Ca/L 

172 

1 16 

68.7 

39.2 

26.5 

14 

6 

2.4 

306 0.4 

206 

152.4 

105.1 

24 

88 
188 

2 S(mg Ca/L) = 476.7 - 3.6185T + 0.0068T ( T  I n  OC) 

These data are d isp layed g r a p h i c a l l y  i n  F igure  7. 
(a )  Measured i n  feed s o i u t l o n  a t  amblent temperature. 
(b)  Measured a t  ambl ent  temperature. 

r = 0.99 

TABLE 18. Calcite Solubility in 4.82% NaC1, 6.62 mM NaHCO 
(404 T~)HCOS/L) Solution Containing O.Om4 f 0.8023 
- M CO2 

Temperature, OC 

102.4 

123.5 
148.9 

174.1 

202 

225 
252 

276 

303 
198.2 

149.4 

101.8 

C&03 Soiubi I l t y ,  
ma Ca/L(b) 

244 

184 

135 

99 

61 

40.5 

24.5 

15.2 

7.0 

62 

139 

240 

2 
S(mg Ca/L) = 553.19 - 3.7375T + 0.0064T 

These data are displayed g r a p h i c a l l y  i n  F igure 7. 
(a)  Measured I n  feed s o l u t i o n  a t  ambient temperature. 
(b)  Measured i n  m b i e n t  temperature. 

( T  I n  OC) 
r = 1.00 
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350 
A 5.1 5 mJ NaHC03. 0.0375 M CO, 

0 5.53 r n d  NaHC03, 0.0849 fyl CO,, 0.93% NaCl 
0 6.62 a NaHC03. 0.0704 M CO,, 4.82% of NaCl 

- 0 5.2 NaHC03. 0.0867 M CO, 

300 - 
- 

250 - 
+ 
V 

F 200 

FIGURE 7. 

ERROR ANALYSIS - ESTIMATED UNCERTAINTIES I N  REPORTED VALUES 

The f o l l o w i n g  exper imenta l ly  measured q u a n t i t i e s  af fected t h e  u l t i m a t e  

r e s u l t s  reported: 

1. temperature 

2. 

3. C02 content o f  feedwater 

4. 

c a l  c i  um concent r a t i o n  of d i  1 u ted  system e f f  1 uent  samples 

s a l t  (NaC1 and NaHC03) conten t  o f  feedwater. 

For each sample taken f rom t h e  system, t h e  temperature repor ted  was taken 

as t h e  measured value a t  t h e  c a l c i t e  e q u i l i b r a t i o n - t u b e  e f f l u e n t .  The thermo- 

couple used and t h e  readout device were c a l i b r a t e d  by t h e  Standards Laboratory 

a t  t h e  Hanford Engineer ing Development Laboratory. A t  100°C, t h e  temperature- 

measuring system used i n d i c a t e d  100.4"C; a t  204"C, t h e  system i n d i c a t e d  206OC; 

and a t  314OC, t h e  system i n d i c a t e d  317OC. Correct ions were app l i ed  t o  r a w  

temperature measurements and were inc luded i n  tabu la ted  values. 

Temperature, OC 

C a l c i t e  S o l u b i l i t y  i n  5 - mM NaHC03 

The accuracy o f  t h e  a n a l y t i c a l  r e s u l t s  was est imated t o  be f 2% i n  most 

cases. However, f o r  those samples where t h e  ca lc ium concent ra t ion  of e f f l u e n t  

26 



was low ( < l o  ppm), t h e  r e l a t i v e  u n c e r t a i n t y  was greater .  

dure used t o  o b t a i n  samples o f  feedwater f o r  CO2 analyses was no t  e n t i r e l y  

s a t i s f a c t o r y .  

sampling, e s p e c i a l l y  f o r  those t e s t s  where feedwater was e q u i l i b r a t e d  w i t h  35 

t o  40 p s i a  C02(g). 

may be biased on t h e  low s ide  bu t  these cannot be q u a n t i f i e d  w i t h  any 

confidence. 

The sampling proce- 

Great care was needed t o  ensure n e g l i g i b l e  l o s s  o f  C02 d u r i n g  

Values o f  C02 concent ra t ion  given i n  t h e  tabu la ted  r e s u l t s  

DISCUSSION OF RESULTS 

S o l u b i l i t y  o f  c a l c i t e  depends on t h e  temperature and chemical composi t ion 

o f  a s o l u t i o n  i n  contact  w i t h  it. 
v iewpoint  a re  C02, HCOj,  and d i sso l ved  s a l t s ,  p r i m a r i l y  NaC1. 

major i n f l u e n c e  on c a l c i t e  s o l u b i l i t y ,  bu t  pH i n  geothermal b r i nes  i s  con- 

t r o l l e d  by t h e  CO,-HCO, equ i l i b r i um.  

t h e  bas is  o f  CO2 and H C O j  content  o f  feedwater only.  

The most impor tant  so lu tes  from a geothermal 
The pH has a 

The r e s u l t s  i n  t h i s  r e p o r t  a re  given on 

O f  t h e  va r iab les  considered i n  t h i s  study, temperature and b icarbonate i o n  

concent ra t ion  had the  l a r g e s t  e f f e c t s  on c a l c i t e  s o l u b i l i t y .  

re t rograde temperature c o e f f i c i e n t  o f  c a l c i t e  s o l u b i l i t y  was apparent from t h e  

r e s u l t s  o f  a l l  feedwater compositions tested.  

press c a l c i t e  s o l u b i l i t y  as p red ic ted  from t h e  s o l u b i l i z a t i o n  reac t ion .  

The well-known 

Bicarbonate i o n  tends t o  sup- 

caco3(s) + co2(aq) + H ~ O  : Ca2+ + Z H C O ~  (3 )  

As Equation 3 i nd i ca tes ,  C02 f u g a c i t y  a l s o  a f f e c t s  c a l c i t e  s o l u b i l i t y .  

CO2 f u g a c i t y  i s  dependent on both t h e  temperature and t h e  concent ra t ion  o f  d i s -  

so lved s a l t s  i n  t h e  so lu t i on .  

work publ ished by E l l i s  and Golding (1963). 

water composi t ion a t  room temperature, CO2 f u g a c i t y  increases up t o  approxi  - 
mately 175°C and decreases above t h i s  temperature. 

under t h e  cond i t i ons  r e a l i z e d  i n  t h e  t e s t s  repor ted  i n  t h i s  repo r t ;  i.e., no 

separate gas phase was present i n  t h e  e q u i l i b r a t i o n  chamber). 

These dependencies were w e l l  es tab l i shed  i n  t h e  

Q u a l i t a t i v e l y ,  f o r  a given feed- 

(This  behavior was expected 

F o r  a given C02 
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overpressure on feedwater, t h e  h ighe r  t h e  s a l t  content i s ,  t h e  h ighe r  t h e  C02 
f ugac i t y  w i l l  be a t  any temperature. 

i s t i c  o f  many s a l t  so lu t ion-gas systems. 

This " s a l t i n g  o u t "  e f f e c t  i s  a cha rac te r -  

F i n a l l y ,  t h e r e  i s  t h e  s a l t - e f f e c t  o r  a c t i v i t y  e f f e c t  on t h e  c a l c i t e  so lu -  

b i  1 i t y  product equi 1 i br ium constant. 

phenomenon leads t o  an increased c a l c i t e  s o l u b i l i t y  and an i n c r e a s i n g  s a l t  con- 

t e n t  o f  t h e  d i s s o l v i n g  s o l u t i o n .  

The qual i t a t i  ve t r e n d  accompanyi ng t h i s  

Detai led,  q u a n t i t a t i v e  t reatment  o f  a l l  t h e  f a c t o r s  and e f f e c t s  mentioned 

above i s  beyond t h e  scope and purpose o f  t h e  work descr ibed i n  t h i s  repo r t .  
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