C00-2607~-2

STUDY OF SILICA SCALING FROM GEOTHERMAL BRINES

, Semiannual Prégress Report .
for Period May 15, 1975 - November 14, 1975

Mg

W. W. Harvey

- P, 0'D. Offenhartz
G. F. Pearson
J. Slaughter

EIC Cbrporation
55 Chapel Street
- Newton, Massachusetts 02158

NOTICE
This report was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Energy
Rese and Devel Admini: nor any of
i {their .employees, mnor any of their contractors,
! | subcontractors, or their employees, makes any
! | warranty, express or implied, or assumes any legal

i | ability or resp for the A

i jor of any inf fon, product or
.- | | process disclosed, or represents that its use would not

i | infringe privately owned rights,

" January 1976

' Prepared for . i B e

THE U.S. ENERGY RESEARCH AND DEVELOPMENT ADMINISTRATION
~ UNDER CONTRACT NO. E(11-1)-2607

BISTRIBUTION OF THIS DOCUMENT IS UNLIMIT




DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



- SUMMARY

Further studies have been made of factors influencing the rate of

rejection from true solution of excess silica contained in geothermal

. "brine. Prominent influences on the course of this precursor step in-

’

silica scaling include degree of supersaturation with respect to silicic.
~acid monomer; concentration of dissolved salt, brine pH and temperature.
7. Most of the measurements were made at>95fd; an especially pertinent
, temperature because it approximates that of a hot brine after'flashing.v

- -Concurrent analyses for Silicic‘acid monomer and total dispersed -
.silica.in a 2% hrinehat“95°C and pH S-revealed a growth and‘decaonf non="
monomeric silica concentration, superimposed on the disappearance of "
Amonomer. Consistent with this behavior, the non-monomeric speciesm
;eventually precipitated out of solution (as floc or as scale), while the:
‘ monomer concentration approached a saturation value characteristic of the
brine composition and temperature. The observed sequence suggests that |
7monomer combines with polymeric species, and the latter grow and aggregate
into flocculent silica or scale. A practical implication of these results
is the possible retardation of scaling through inhibition of silica |
polymerization. ' »

: Simulated geothermal brines, i.e., solutions supersaturated with .

:respect to silica at 95°C and containing Na+ Kf and Ca++ in a ratio |

corresponding to a commonly encountered source temperature (in the

vicinity of 300°C) were prepared reproducibly. With all silicic acid in




: true solution initially,'simulated brines typically exhibited a period‘of
“dslow reaction prior to the onset of relatively rapid monomer disappearance.

'The rate of decay of silica monomer concentration (i e., rate of relief of
‘supersaturation) increased significantly with increasing level of initial
supersaturation, total salinity of the brine, and pH (relative to pH 4).
Isothermalrdilution of the supersaturated brine resulted, as anticipated,
.;in a‘pronounced decrease in'the rate of polymerization. A more complete
description of the system requires a closer definition of interactions
d-among several species of dispersed silica, the role of temperature, and

.specific effects of ionic solutes. Experiments torobtain ‘this information
‘are planned-for'the near term.

The introduction of additional surface for heterogeneous nucleation,
in the form of glass wool or quartz powder, had no significant effect onw
vthe course of monomer disappearance. Two limiting types of adherent scale
‘have been produced simultaneously with separation of a silica floc - &
| soft scale and a coherent,,or hard scale. In preliminary observations, ;]
increased brine salinity and :pH favor }1ard scale formation atv95°C.‘ |

| Studies at higher temperatures, corresponding to hot brines before
| _'flashing, and requiring the use of pressure equipment, have to date provided
less definitive information than tests at 95° C. - The prohlems encountered
- ‘relate to 1essened controllability of silica concentration and of scaling.
It is hoped to circumvent these experimental difficulties,through elimina_'ll
tion of the vapor,phase,‘with continuous volume compensation'for'solution

withdrawn during brine sampling. ' Use of autoclave techniques has the
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potential advantage of achieving even closer correSpondence of synthetic

brine to natural geothermal brines. Thus, pH ean be fixed thrdugh control

- of the C02 pressure, making-poseible the eliminatien of the acetate buffer

 generally employed in the work at 95°C.

The progranm plans for the'ceﬁing period include detailed char-
acterizatign of scales and precipitates produced isotﬁermally and those
formed under a thermal gradient between substrate ahd brines. Additionally,
the deéeedence ofrsilica ecale formetion on prevaiiing hydrodynamic condi-

tions and on the nature of the substrate will be studied. Also, because

1t 1s potentially fruitful from the standpoint of scale prevention, a study
- will be made of factors that determine whether excess silica aggregates to

_a'floctor_an adherent deposit. o

-
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I. INTRODUCTION

In the first six months of this program, ve began a detailed study'
- of the kinetics of polymerization of silicic acid in geothermal,brines

for the following reasons:

(a) Monomeric silicic acid is the only thermodynamically
stable silica solute species in neutral and acid brines.'

“ (b). Silica scale,formation 1s a mechanism by which a brine
- can be relieved of supersaturation with respect to
. dissolved monomeric silica. : L

" (e¢) At two conceptual extremes, polynerization of monomer
may be an essential precursor to scaling, or it may
proceed in parallel with scaling; in either case, the

- processes are interconnected, and knowledge of the
detalled relationship would indicate whether poly-

~ merization ought to be inhibited or accelerated in

- order to retard scaling.

(d4) Purely'empirical studies of silica scaling, vhile use-
ful in defining practical conditions under which scale
is prone to form with specific geothermal fluids, do not

. provide insight into the chemical mechanisms involved.
. An.understanding of reaction mechanisms 1s essential
to the design of new methods to alleviate scaling. .

The polymerization work initiated in the previous report period was
extended to include & range of conditions and brine compositions expected
 4n plants for extracting power or heat from geothermal fluids. In

'addition, we examined the time—dependent distribution of 5102 among
: several species of dispersed and particulate silica., monomer, oligomernvﬂ‘
- (4. e., a molecule containing a small number of monomer units), polymer,
colloidal aggregates, precipitate and scale.' A complementary study of

scale formation and characterization was also initiated. Some further

search of the pertinent technical literature on silica scaling was also made.




IT. EXPERIMENTAL METHODS

1. Preparation of Simulated Geothermal Brine

‘As noted in the previous report, the inadvertent (initial) presence

of oligomeric or polymeric silica accelerates the rate of disappearance of

excess monomer.-,Since natural geothermal brines contain little or no
oligomer or polymer wheu they are in equilibrium with rock (Wéill and

Bottinga, 1970), it is necessary in accurately simulating these brines to.

‘,make sure that they do not initially contain appreciable quantities of
”oligomeric or polymeric silica. . The reaction of silicic acid with molyb-
- date allows the detection of small quantities of oligomeric or larger .

- amounts of polymeric silicic acid (the latter by difference, if total

silica is known). Hence, we were able to evaluate various methods of
brine preparation on the basis of the”amount of non-monomeric silica
&etected,~

Five techniques for preparing simulated brines were outlined in

“the last report. All but’the ultrafiltration were evaluated‘during'the

\

» present reporting period.

(6D Rapid cooling of a superheated undersaturated brine.

(2) Isothermal evaporation of. water from an undersaturated
- solution. »

(3) Rapid mixing of an alkaline solution of sodium meta-
" silicate into an acidic chloride brine. .

(4) ﬁltrafiltratiou of a solution prepared as in method 3).

. (5) Acid hydrolySis of the tetramethyl ester of silicic acid.




On the basis of Baumann 8 (1959) experiments, we assumed that
method - (5) would prove superior, although it was recognized that the
- method would introduce unwanted methanol into the brine. In fact, however,
experiuents,indicated that ranid acid.hydrolysis of the_ester‘produced'_.
unexpectedly large amounts of oligomer.; This undesired effect can probably
~best be overcome bj diluting the“ester with excess methanol.i,For these.
reasons, it was decided to abandon'method'(S) ‘

Rapid mixing of a solution of sodium‘metasilicate into an acidic

:”'chloride solution (method 3) was found to be the most satisfactory of therf:%_,'

.brine?preparation methods evaluated. ,The following procedure, or:a close}l;

fwas used in_all experiments‘carried out at 95°C with 2% brine‘

"l) Thre separate solutions were equilibrated at 95°

.f"ta) _3 0 volumes of 0. 0287M Na2H28104 8H20
i ;;(to give about lOOO ppm SiOz) »

,'{1.0 volume of o. 250M HCl and o 225M KCl

" 1.0 volune of 0 400 NaCl, 0.350M CaClz,
and .0 534M NaCzH302 (sodiumvacetate)

.

1 Solutionr(b) is. brought to temperaturemin the Pyrex ,
reaction vessel (a 500-ml, three—necked flask), the
~vothers in stoppered bottles. s - '

2) .With rapid stirring of the contents of the flask solu-
, tion (a) was added to the reaction vessel over a period
of about 30 sec by spraying through a nozzle.
(3) Solution (c) was then added to the reaction vessel.
’Immediately following step (3), an aliquot of the solution was mixed with -
. the molybdate reagent for silica monomer and oligomer'analysis.

"The concentrations of the various species in a simulated brine

\ 2 prepared as described are:




¥ g N 74
catt:  0.070  2.81 am 0.315 1117
 met: 0,221 5.08 - CH3C00™ 0.091  5.37
KM 0.045 1.76  CHyCOOH: 0.016  0.96
' H‘Si64:v0.017 '(1034 ppm §102) pH: 5,15 F 0.05 at 95°C

: The Nat/catt/xt ratio ie 3.00/0.95/0.61, on a molar basis, which is close
““to the ratio 3/1/0 6 appropriate to a natural brine having a source tempera-

”»_ture on the neighborhood of 300°C (Fournier and Truesdell 1973 Helgeson, =

"The total concentrationroffNa01 CaClz and’KCl is 20 8 gll, i.e.,

C‘Theﬂconcentration of monomeric silica-in the brine at gny~given A
"iszAtime was determined by a procedure similar to that reported previously-
:ﬂ;;Approximately 2 ml of the brine solution is removed from the reaction )
t:”ivessel and cooled on a watch 81885-, Using a SMI micropipette, a nominal

2Livolume of 30 ul is then pipetted from the watch glass into 3 00 ml of

'."molybdate solution that has been equilibrated at 25°C in the thermostatted

: spectrophotometer cell holder. The increase of optical density with time
o 1s followed at 360 nm. The molybdate reagent is prepared according to ,
'tﬁAlexander 8 (1953) method. A recent study (Truesdale -and Smith, 1975)

of ‘the molybdate-silica reaction confirms the reliability of results with
this procedure. . ‘v | _
The logarithm of the degree of color development was typically

linear with time (i.e., first-order kinetics) to at least 997 extent of



:;reaction, indicating the'absence of measurable quantities of oligomer.
'The‘calculated‘first—order rate constant'is 1.3 min~1l at 25°C, in agree-
ment with the value (.41 % 0.07 min-1) preyiously reported.by us for
'monomeric silicic acid. Silicic acid‘prepared by cooling a superheated,
undersaturated brine had the same rate constant with molybdate.

Repeatability of delivered volume for the 30 rl micropipette was
+ 1.32. The precision of the spectrophotometric measurement of monomeric
- silicic acid'was approximately 0 5/ as determined by replicate analysis

. ?of identically prepared samples, the concentration of the eodium silicate

“i:fof monomeric silicic acid as + ZZ.Y,,T3 &

| 3. Determination of Total Dispersed Silica B

.g':;monomeric silicic acid a solution may contain.various oligomeric silicic :

:f?lacids, higher polymers, a colloidal dispersion of silica, flocculent
“material, silica gel and scale.' In most of our experiments we have
rattempted to distingﬁish among only four forms of silica. monomer,

| oligomer; "total dispersed silica,' and precipitated material. vBy':

| "oligomer" is meant silicic acid that reacts with molybdate more slowly
than the monomer, yet shows some evidence of reaction within ten minutes.
'jNone was observed in the experiments reported here. By ”total-dispersed |

' silica ‘ is inplied all formsvof silice that are contained'in a'sample of'.'
solution which is removed and subjected to depolymerization preparatory

to analysis.

A

ld*f,stock solution was determined by titration with HCl., Including slight yff:,:?ﬁ e

1effects of evaporative losses, we estimate the accuracy of our measurements'f 5

ihcfSilica exists in many forms in aqueous solution.' In addition to ]*'”' .




rwith‘molybdate.” However,

To determine total dispersed silica, 1. 00 ml of the solution is

‘7'reacted with an equal volume of solution containing 0.5M NaOH and 0. lM

,EDTA. ' The resulting mixture is allowed to stand overnight in a stoppered

plastic container. The purpose of the NaOH is to depolymerize or dig-

solve any oligomer, polymer, and colloidal or floc particleS° the EDTA is

o .used to complex the calcium ion and so prevent precipitation of calcium

-:compounds. Duplicate determinations indicated that depolymerization was

complete within 12 hours (i [T overnight) ", B

Once the silica had been converted to monomer by treatment with

nlEDTA itself reacted with.molybdate to form a-

..,;complex- “The. rate constant for the formation of this interfering complex‘fk
bb,,:was about ‘the’ same magnitude as the rate constant for the formation of the :
.%iffsilicomolybdate complex. Its extinction coefficient* however, is about
-4f,ft15 times,greater at 360 nm than at 400 nm.v The corresponding ratio of

".".extinction coefficients for the silicomolybdate complex is 2. 55.4if;ff

As shown in the example of Table I, it. proved possible to subtract

;the time—varying absorption due to the formation of the EDTA complex from

" the’ time—varying absorption due to the formation of the silicomolybdate

complex and in this vay, determine the concentration of total. dispersed

_ ‘silica. ‘silica concentrations measured at 360 and 400 nm generally agreed

within 5%. The relatively large error at both wavelengths (compared to

*¢ in the expression D = ecz where .D 1s optical density, C is molar
concentration and £ is length of light path.




" Table I

A Typical Determination of TotalIDispersed'Silica-

_ Correcfion due to ' -
. Time of Color Optical Density Molybdate-EDTA -~ - Corrected Optical
Development (min) at 360 (400) nm ° ° Complex Density at 360 (400) nm

1 . -0.488 . . 0.128 . . 0.360
2 0.629 0155  0.476

5o RUE
6 ook owes o5
7 oeers 0 . o.sies
8 0.699 (0.207) 0.179 (0.010) 0.520 (0.157)%
9 oy oas . osie
io_'1  s ' »0.70b "‘f oo "vh'o.519' -

15 0.702 (0.206) = 0.184 (0.010y  0.518 (0.196)

- *Estimated silica concentrations are 1061 ppm and 1024 ppm, based on the
. corrected optical densities at 360 and 400 nm, respectively. -Based on
- the concentration of monomeric silicic acid initially present (i.e., -
prior to polymerization), the solution actually contained 1034 ppm S102.

0519 v




an estimated precisionvofIO.SZ for monomeric silcic acid) is attributed
to the felatively low optical densitles at 400 mm and the relatively .

- large EDTA correction at 360 nm.




III. SURVEY OF FACTORS AFFECTING RATE OF MONOMER
\ DISAPPEARANCE ‘AT '95°C .

1. Effect of Brine Dilution

In order to simulate the effect of diluting a geothermal brine with
“water -- or, conversely, concentrating a brine by flashing -— the brine
described in Section II. 1 was diluted during preparation by adding 0.5,
-~ 1.0, o1 1 5 volumes of distilled water to solution (b) before spraying it
3;“into solution (a) Dilution factors were, hence, 1 1, l 2 .and 1 3,

"“respectively., In this way, kinetic runs were carried out at initial con-

"1r:;_centrations of silicic acid ranging from 1034 PPm (P- 4 and Table I) t° |

7795 ppm. The results, presented in Fig. 1, show a strong dependence of ‘
':rate of monomer disappearance on degree of - dilution of the brine. :
Experimental results'reported by Baumann (1959) show that the rate
__of disappearance of monomeric silicic acid at 30°C depends strongly on the
initial concentration of monomer.‘ For example, at pH 5 8 the time required
to reduce the initial excess monomer concentration by half increased by a
'factor of four when the initial concentration of monomer was reduced from
’ 1550 ppm to -1050 ppm. , |

In the experiments reported here, dilution of the reference brine-
with respect to dissolved silica also decreased the-concentration of |
dissolved salt. This, of course, is precisely what occurs when water is
added to a hot geothermal hrine in an effort to retard scale. formation.-'
,The effect of varying brine salinity at fixed monomer concentration is

considered in more detail in,the next section.
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Fig. 1: Polymerization of silica at 95 %+ 20 C; and pH 5.15 T 0.10.
Curve A represents a 2.1% brine. . The half-shaded circles show a
duplicate run. Curves B, C, and D represent the same initial brine,
diluted with water by 10, 20, and 30 per cent, respectively.
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The time dependence of the reaction rate is complicated. Howeuer,
" two measures of the rate of nonomer disappearance may be used to compare
| Adifferent solutions' (a) the time required for relief of half the initial
; supersaturation, t1/2, and (b) the first—order rate constant, kobs’ that
‘~fits the. observed data after the inftial period of slow kinetics (see next
section) These measurements of the rate are shown as a function of brine
dilution (on a log-log scale) in Fig. 2.  The empirical relations between

'reaction rate and brine dilution are as follows:

log(half—life, min) = 5.97 log(dilution) +1.75 W

log(rate constant, min 1) - -5. 41 log(dilution) -1.70 »'55(2) -

5 Note that dilution of’the reference brine by a factor of 1.3 decreased the B

‘ ‘iﬁ> PR reaction rate by a factor of four.

2. Preliminary,Kinetic Analysis
‘ As can be seen in Fig. 1, the rate of decrease of monomer‘concentra- .
/tion is initially slow. After this "induction period, the reaction rate
e becomes much faster, and then slows ‘down again as equilibrium is approached.:
True equilibrium, however, 1s not reached even after 24 hours.'
= The rate equationv‘ | |

s
. .

&l kobs[(M) - (M)eq]

@™ = monomer concentration S -(3)

'CM)_f_CM)eq = supersaturation -

has been widely used in the literature (see previous six-month report)vto

Q . . .describe the rate of monomer disappearance. There is‘eonsiderable
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‘Fig;’Z: Log-log dependehce of polymerizatidn‘rate oﬂ'diidtion. :

The composition of the undilutgd reference brine is described in

Section II.
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disagreement over the value of n, and n equal.toll 2 and 3 have been
'fsuggested The data reported here are clearly inconsistent with n equal
- to 2 or 3. Indeed, the rate of decrease of mononer,with time is nearly
~constant for a considerable»portion of thebreaction (see Fig. 1), which d
: suggests'zero—order'kinetics./ A somewhat better fit to the data can.be‘
‘obtained by assuming n equals 1 after the initial period of slow reaction;(
The simplest mechanism consistent with n equals 1 is first—order
'jreaction of monomer with_polymeric product to produce a larger, but
'h;equally reactive,.product.” The back reaction of polymer to give monomer

¥

-1s assumed to be zero order:

M+P—sp %)
' k2 SO . c
—i@i)_=k1(M)(P)-k2(r) e

At equilibrium, dCM)/dt =0, so that _ ,
| k0D ® =k2(1=> N
and PR i o K cM)eq - kg/kl o ',  | - o %)
By this mechanism, the monomer concentration decays to a characteristic:"
.ifinal value that 1is independent of its initial value.. The rate equation:‘.

‘may now be simplifed to- give o |
-4 kl(P)[(M)- (M)eql el @
 which is of the same form as Eq. (3), withn = 1 and

kl(P) = kobs o ,‘ir o :“ - ®

" The integrated form of Eq. (3) with n=1 is

13




Mo -1) L P
~0 ~rv’eq| = -
%)) 'GM)eq = kobs(t - to) (10)

1n
where‘CM)o is the initial concentration of monomer. Representative plots
of Eq.(10) are shown in Fig. 3. Because of the initial period of slow
‘reaction, the quantities to have positive values. The least—squares lines
'ffit the data points within the one percent experimental error for values
of_the fraction of monomer unreacted, [(M) - CM)eq]I[CM)O - GM)eq], between
0.85 and 0.25. Above about 0.85 (during the "induction period), the rate

of disappearance of monomer is relatively slow; below 0.25 the rate again

V ~ -becomes relatively slow, perhaps due to agglomeration of polymer.

In a true first—order reaction, kobs should be: independent of the
initial concentration of monomer ., 'This is not true in the present case,
"however.‘ As”shown in the following sections, kobs depends on several

_factors, including salt concentration, pH, and the initial concentration
><of monomer itself. Thus, while the reaction rate is approximately first—A
order with respect to monomer during a given kinetic rum, the dependence,
‘of kopg on initial monomer concentration indicates that the overall
ldependence of reaction rate on monomer concentration is greater than first'
; order. In terms of the mechanism above, this may be explained as a
dependence of the concentration of polymeric nuclei () on the initial
;concentration of monomer. - These nuclel are presumed to form during the

initial period of slow reaction.

3. ‘Effects of Supersaturation and Total Salt
In the experiments just described, the total.concentration of NaCl,

CaClz, and KC1 varied between 20,800 and'16,000 ppn.  In order to determine

14
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Fig 3: First-order kinetic plots for silica polymerization at 95 I 2°c,
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."Ihe‘totalyconcentration of NaCl CaClz, and KC1 was 90.3 g/1.

whether the salt content itself has a significant influence of the rate of
. .disappearance of'monomer, a more concentrated simulated brine was prepared.

For this purpose, solution (c) in Section II. l was replaced by 2 volumes

of a solution containing 2. GOIM NaCl, O 338M KC1, O. 656M CaCly, and 0.267M

Naczﬂgoz. " The initial concentrations of the various species in this brine

were as:follows:

catts 0,219 Rt e 1.4964
Nat: '0.9851&' N fo - cHyC00™: O, 076M
gt oase - CH3COOH: 0.013M
'n4s104: 0.0143M (862 ppm '3102) pH: 5.28 * 0.10 at 95°C

-

As can be~seen in Table II and Fig. 4, the effect of increased salt

_content was dramatic. the rate of disappearance of monomer in Run E was
,much faster than in Run C, In which the initial concentration of monomer

 was comparable. This result suggests that one or more of the fons® — Ca++,‘

Nat, k¥, or C1~ — has a strong accelerating effect on the reaction rate.

"fOn the other hand, the final'concentration of'monomer (276 ppm) was

_tdepressed below the equilibrium value (ca. 400 ppm) appropriate to dilute

brines. Thus, the apparent supersaturation in Run E (594 ppm) was inter-

‘*mediate between those of Runs A and B (Table II) If the rate constaut, :

kobs,for disappearance of monomer,depends on supersaturation, o) - (M)eq,

*Recent preliminary experiments, not complete at the time of this report,
suggest that the accelerating effect is due to C1-.

. 16
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" 'Tdable II

/

ﬁates‘of-Mbndmer Disgppearancé at pH 5.2 and 95°C

_’.G 860

Initial Monomer

Run® Concentration
. (ppm) :
A 103
B os0
R,
> o795
e
F e

‘.Apparent‘

_ Total Salt
Supersaturation . Concentration
(ppm)  (g/1)

656 - 20.8
561 18.9
482 17.3

414 16.0
594 903

605 42,6

482

. 20.8

Half Life of
Excess Monomer

First Order
Rate Constant

(min)
60
90
160

286
19
45

128

(kopg, min-1)

0.0178
0.0144
10.0076
00045
0.034
0.0307
0.0109

*Runs A-D are shown in Fig. 1
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Fig. 4: ‘The effect of salt concentration on silica polymerization _
at 95 % 2° C and pH 5.15 £ 0.10. Curve C represents a brine containing
a total of 17.3 g/l of NaCl, KCl, and CaCly. Curves G and E show

- brines with 20.8 and 90.3 g/l of total salt, respectively.
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then the accelerating effect of salt may, in part, be due to its effect on

final monomerx COncentration.

In order to estimate separately the reaction oxder with respect to
salt content and supersaturation, additional experiments (Runs F and G

Table II) were performed., The proportions of the three chloride constit-

" uyents of the brine were kept the same. A rough estimate of the reaction
~ order with respect to salt concentration can be obtained'by comparing
Runs C and G, in which the supersaturatioﬁs are the same. If kopg 1is i

: expressed as a function of total salt concentration;~(s),

 kopg = k'SP | v
where p‘is the order'of the reaction with respecthto salt, then

log kops = log k' + P log(S) o - (12)

.4‘A comparison of the rate constants for Runs C and G gives p = 2.0.

' Similar1y5 a comparison of the'rate constants for Runs F and Bor F and A

(here the. supersaturations are not quite the same) gives P= 0 9 and -

g p=0. 8 respectively.

It is clear that pairwise comparisons of this sort cannot be used

to obtain accurate estimates of the reaction order. A better approach

1s to fit all the measurements of kobs to a suitable kinetic equation.

Two equally simple expressions are o e
 kops = k(S)P [(n)o-m)eq]q-v: N ¢ )
kobs = k()P [aDF - 0q] S s

 Only the second equation has been used to fit the data, since it is more

nearly consistent with the assumption that the dependence of kobs on

initial monomer concentration is related to the formation of polymeric
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nuclei from monomer during the "induction" period, when the back reaction
: of polymer to monomer should be negligible.

Integral values of p (0—2) and q (1-6) have been used to fit the
observed rate constants. by trial and error. A fit within the expected V
maximum error ('+ 20%) was not possible with p = 0 or p =2, However, by
assuming that the reaction is first order with respect to salt concentra—
tion (p = 1), it was found that all seven measured values of the rate
»constant could be fitted to the same expression, within error, with q = 4.
The standard deviation is 157, and all calculated values of kogs agree
: with those_given in Table IT within 21%. If smaller or larger values of K
1q are assumed (d‘= 3 or q‘é 5), the standard deviation is still below |
lOZ; but more.than one value of kobs exceeds the.erpected maximum deviael
-tion. Runs A and E show the dargest deviations, perhaps because the -

reaction rates in these runs are too large for accurate determinations
of kopge If these runs are excluded the reaction orders p=landq-= 5
or 6 fit the remaining five values of kobs with a standard deviation of

- only l07. :
| These results indicate that the effect of brine flashing on the
lrate of reaction should be substantial.‘ Flashing has several consequences.
,the salt concentration and monomer concentration increase, due to loss of
”'water, -and the: equilibrium concentration of monomer decreases due to the
changes in temperature and salinity. The decrease in temperature may
valso affect the rate constant directly,‘although our data (Section IV-l)

 and those of Rothbaum and Wilson (1975) indicate that this effect is

relatively small. In addition, flashing of €02 would increase the brine
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pH. Each of these consequences of brine flashing has the same result,
’ namely; an increase in thevrate of disappearance of excess monomer.
The strong accelerating effect of added salt is unexpected since
‘the literature (e.g., Baumann, 1959) indicates that no fon has as great
a catalytic effect on the rate of disappearance of monomer as hydroxide,
for which a tenfold increase in concentration produces about a tenfold
increase in rate.
To summarize our results with 95°C, pH 5 brines having a fixed
h proportion of chlorides, the rate of disappearance of excess monomeric
t:silica is approximately proportional to total salinity. The rate is also
~ proportional to;a high’power & to:6) of the initial monomer concentra- |
_tion. At the present time, it‘is not possible-to.he more precise-with/'
.regard to,reaction orders but; clearly, further definition of the rate of
monomer . disappearance on initial monomer concentration and salinity is
a worthwhile experimental goal," |

4.  Silica Solubility Versus Brine Concentration

A potentially useful:-by—product of our work with various salt
l concentrations'is a set of preliminary values of final monomer concentra-
~tion at 95°C. - Insofar as equilibrium had been reached at the times of

41ast sampling (approximately 24 hrs at 95° c), the measurements represent :i

- the dependence of . amorphous silica solubility on brine composition. As

- a mimimum, since monomer disappearance had essentially ceased in each
'case, the measured final concentrations permit an estimate of apparent
'monomerdsupersaturation,ithe driving force for silica scaling and

vi precipitation;"
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| Depression‘of aﬁnarent silica solubility‘by added salt was appre-
ciable. Results to date are given in Table III and Fig. 5, which also
.. include data:from therliterature for the solubility of amorphous silica
in mater at 85°C. The observed*salting out of silica monomer is much
larger thanvthe'probable.contribution of the decrease in activityvof‘water
with increase in salt_concentration. Although Iler (1973) indicatea that
3"the~5tateh°f h-Ydration of monosilicic acid in water is unknown; it is

'customary to represent the dissolution of amorphous silica in water by

. 8107 (amorphous) + 2Hy0 (%) 2:B4SiO4 (aq.) : @as)
“hence ' : '
Keq. . * 9H431o4/a HO (16)
‘EJ - where 2 represents thermodynamic activity.

Based on the above hydration—dehydration equilibrium, Barnes and
-Rimstidt (1975) have emphasized the value of diluting the hot geothermal :
brine with water in order to increase the activity of water and accord-

: ing to Eq. (16), the solubility of silicic acid monomer. . A possible effect
of salt concentration on the activity coefficient, YH45104’ of tbe mono- -
l silicic acid has generally been overlooked., Thus, the solubility of
- amorphous silica.according to Eqs. (15) and (16) should bebgiven by -
: - 2 Hy0 S R
[H;5104] = Rgq » —22 -~ - an
T e Y345104 R v

Data on water activity with which to estimate the contribution of

2H20 factor to the observed salting out were not found in the

| ‘ii; L ‘the a
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Table III

Final Monomer Concentrations at 95°C for NaCl-CaClz-KCl Brines®

Total Salt**

Concentretion,

Reference ppm §102 - Content, g/l ~as equiv./1l C1-_ Remarks
This work, Run A 1388, 393 ~ 20.8 0.315 e W
This work, Run H 389 22,8 - 0.372 Maleate buffer =
This work, Run F . 341 42,6 0.689 -
This work, Run E 276 90.3 1.50 -
Lenher andﬂMertill ' : 450‘ ‘-7"' ~ ‘Extrepolated from
(1917) : ceL 90°C
Alexander et al, 355 - Extrapolated from
- (1954) L 80°C
Okamoto et al. 475 Extrapolated from
(1957) - 90°C
Elmer and Nordberg | 470 -—
(1958) e
xitahara'(lsso)'g'\ 375 -

pH 5. O - 5. 3, silica solubility not expected to be sensitive to pH over a wide range below pH 9.

Does not include electrolyte anion (usually acetate) added for buffering.
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‘ : . Fig. 5: The effect of salt concentration on the equillbrlum solublllty

u ~ of amorphous silica at 95 % 20 C. The curve shown is preliminary. The

E straight line represents the decrease in solubility expected from a salt
effect on the act1v1ty of water at 95° (o
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literature for brines heving our proportions_of NaCl, KC1 und CaClgp.
. Instead, values of asz in NaCl brines at 95°C wete extracted from data
b'by Barnes end'Rimstidt (1975);'Crerar (1974); and Helgeson (1969), and
‘values of aﬁzo'in CeClz'brines ét-QSOC Wete estimated from data'givenrby'
 Barnes and Rimstidt (1975). Calculated effects of_the a2320 term on the
final conceutration of monouer‘are compared with observation in Fig. 5
‘at the same salticoncentration, as C1™ normality. The»hydration uumber of
' monosilicic acid in these btines.would‘have to bedﬁlot7greatet,'tather
_than 2, in orcer to yieldvthe obserued salting out by reduction_in uater"'
_kactivity'elone; Moreover, partialihydration’of the solid'silica_phase
: would be‘expected to diminish thejeffect‘ofiwater activity.
F-An,alternative ekplauatiou lies in an'increase in the activity
coefficient of -the neutral silicic acid solute specles (7345104 in Eq.
(17)) brought about by thebadded sdlt. The literature is not'definitive-
:on this'poiut. Thus, Hutchinson (l975) end'Reed (1975) observed'a salting—~
‘in of silica in geothermal brines from the Salton Sea area._ By contrast,
Kato and Kitano (1968) found a teduced solubility for amorphous silica
vin sea water (about 27% reduction as compared to solubility in distilled
water) and an even more marked salting—out in lN NaCl (about 5.4% NaCl
brine) | » |
In their review article on effect of salts on activity coefficient
kof nonelectrolytes, Long and McDevit (1951) present data showing salting-
‘ _out of most nonelectrolytes in aqueous’ solutions._ The general behavior '

is that the logarithm of'the activity coefficient of the nonelectrolyte

is proportional to the conceutration of the salt, logy = kC. The sign
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and magnitude of the proportionality constant are determined principally

by the effect of the nonelectrolyte on the interaction between solvent and

“donic solute. For aqueous systems, k is usually positive, resulting in

a 1ower solubility of nonelectrolyte with increasing salt concentration,

il.e., salting—out. '
Systematic salting—out experiments do not appear to have been made

for silicic acid in brines. The closest chemical analog of aqueous silicic

- acid in the Long and McDevit paper is carbon dioxide. From their plots
-of 1°87002(aq.) vs;‘salt concentration (g-equiv/l, or normality), the

}ffollowing results are found for 25°C:

- 1.5N NaCl: 1ogyCOZ(aq.)v= 0.11, Yco,(aq.) = 1:29 (18)
1.5N KCl: ‘1°gYCOZ(aq;) = 0.155; YCOz(aq.) = 1.43 | (19)

An increase in the activity coefficient of aqueous monomeric silica of

‘_»comparable magnitude could explain the marked decrease of final monomer

concentration in the strong brines (Fig. 5)

5. Effect of pH

' The PH range of natural geothermal brines is about 4-8, with brines

,‘of highest temperature and salinity generally having the lowest pH (Ellis,

1970) Most of the experiments reported here were carried out at pH

© 5.15 £ 0.10 (95°C) in an acetate-buffered brine. The molar ratio of
. acetate to acetic acid was generally maintained at 5.7. The buffering

capacity of acetic'acid falls off rapidly above pH 5.2,'so that another

buffer (with pKa greater than that of acetic acid) should be used above

| this pH.
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. ;Hydroxide has a‘well—knowo catalytic effect on silica polymeriza-
tion. As noted_io our orevious report, literature values of the reaction
order with.respect to hydroxide range between 0.5 and 1. 0‘ The mechanism
of the catalytic effect is believed to involve the the reaction of ionized

silicic acid (H3SiO4 or H55105 in the case of the monomer) with un~

tonized silica species.

As discussed in Section III.3, added salt also causes an approxi-

'ﬂﬁately first-order acceleration of the rate of monomer disappearance.
‘Prelimioary experiments indicate that this effect'is due mainly to chloride.

It 1s conceivable that chloride, like hydroxide; can bind to silicic acid,

-giving rise to a charged complex (perhaps.ﬁ4SiO4Cl‘) that reacts rapidly

with neutral silica species. There are many mechanistic possibilities,
| ~but in the limiting cases it 1s expected that the observed rate constant '

dwould depend on salt and hydroxide'in either serial or parallel fashion:

B =k(s><on->[(n)q (M)q]; o @0
ot kg =l <s>+kb(on-)1[<nﬂ-(u> 0 B @

In the case of parallel catalysis, Eq. (21), the observed effective reac-

tion orders with respectvto salt:snd hydroxide should be less than one.

| . To obtain ekplicit'information on the'influence of pH, exoeriments
using the acetate Buffer were carried out at the lower pH of»4520. The
results are sﬁoﬁn in stle lV'and Figs. 6(a) and 6(b};',Resc1ts of

duplicate runs in Fig. 6(b)'illdstrate the degree of reproducibility that

can be obtained in experiments of this nature. Because the rate of

‘disappearance of monomer at lower pH (upper curves) is so slow, we did not
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Tablev. o

“ Data Sumniary for 95°C K‘Lﬁetic Runs: Tests for pH and Specific Buffer Effects

Half-Life

"Iniﬁial | - ‘ ‘ S v v .
. Monomer - Apparent - Total Salt 4 Ac™ or . HAc or of Excess First Rate
Run Concentration Supersaturation Concentration _Cl~ = pH = Buffer Mal™ HMal- Monomer  Rate Constant
(ppm) (epm) - /D @1 - @/1) @/1) (@in) . (kopg, min=l)
A 1034 5 '-; 656 o .'20.8 | 0.315 5.13 ae 0.089  0.018 60 0.0178
B %40 sl 189 0.286 5.05 Ac  0.08L 0.016 90 0.0144
e 82 a2 17.3  0.262 5.10 Ae - 0.074 0,015 160 0.0076
D 795 44 160 0.242 5.25 Ac  0.068 0.014 ~ 286 0.0045
R 1037 655 . 213 . 0.345 419 Ac  0.037  0.064 - 0.002
I %5 . 587 22,9 0371 421 Ac 0.040 0.068 - 0.001
J 103 68 r 22.8  0.372 5.24 Mal  0.012 0.010 35 00320
X ess s5 163 0.234 5.16 CMal  0.019 0,025 67 0.0187
L o877 498 19,0 0.310 4.79 Mal  0.0083 0.0097 163 0.0095

M g2 513 - 19,7 . 0.339 4.85 ©Nome - = 109 0.0099
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obtain accurate estimates of the rate constant. .However, the rate con-

- stant is roughly a factor of ten greater at pH 5.1 than at pH 4.2 for

runs in which.the salt concentration and monomer supersaturation~are the.

same. The ratio of hydroxideVion‘activities, calculated fromvthe known

ratlos® of acetatevto acetic:acid,‘is’9.8 . 0.8, so the apparentlorder'of

reaction with respect:to hydroxide is close to 1.0. This result would

appear to rule outkparallelfcatalysis, Eq. (21), although further studies

vare clearly needed. " ‘ | _ ‘
Baumann (1959) used maleic acid as a buffer in his studies of‘silica

"épolymerization. 0ur~ownﬁpreliminary tests indicated its suitability:;

like acetate (but unlike'citrate or phthalate), it does not precipitate

"Ca N and its effective pKé undex the experimental conditions is about

0.8 unit " gréater than the pKa for acetate. Maleate buffer should there-'vb

» fore, be effective at 95°C up to pH 6. 0. A | |
To investigate a possible specific buffering agent effect, kinetic

runs were carried out near pH 5 using the maleate buffer. The results |

are shown in Table IV and Figs. 7 ‘and 8. Based on a comparison of first-

 order rate constants in acetate— and maleate-buffered brine, corrected to

the same supersaturation, salt concentration, and (approximately) pH, ‘

. the rate constant for monomer disappearance is 1 7 - 0 7 times greater '

in thebmaleate—buffered solution. This difference in rates, if real, is Lo

| apparently greater than can be exnlained by a pH shift between the two

*The hydroxide activity ratio, calculated (less accurately) from the
observed pH values, is 8.9 T 2.0. :
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buffers, although it is possible that inaccuracies in pH measurement at
- 95°C are at fault. To test this-Possibility, a pHHelectrode specially’
designed’for high temperature measurement will be employed in confirmatory
experiments.r | |
;In‘addition to_the‘foregoing,,attempts were made to carry out

: kinetic'runs in unbnffered brines. Such runs are experimentally difficult
‘since the pH tends to drift randomly. In Run M.(see Fig. 8), however, the
pH stabilized at 4.85 + 0.05. The rate constantfin this}run‘is within
107 of the interpolated rate constant for a run carried out in an acetate
“buffer at pH 5. 15 at the same supersaturation and salt concentration,
'although the hydroxide concentration in Run M is-a factor of 2 smaller.
It appears, therefore, that the acetate buffer inhibits the rate of monomer
' disappearance.' Maleate buffer ‘appears to have a smaller inhibiting effect,
but it must be noted that the acetate concentration is considerably larger
than the maleate concentration (see Table IV) Since these comparisons
are based on a small number of kinetic runs, and since PH measurements
at 95°C are not as accurate as at room temperature, these conclusions must
‘be regarded as tentative.

b’ In natural geothermal brines, the buffering action is presumably
;due to the effects of 002, HCO3 . CaCO3, and silicic acid. To use this
V’buffering system in the laboratory - and hence eliminate the effects of ‘”A
~"foreign buffering species - it is necessary to use a pressure vessel
S0 as‘to maintain a CO2 atmosphere. A series of experiments was therefore‘

carried out in the autoclave, and the pH was regulated by controlling the
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- ratio of COp to HCO3~. Use of the autoclave also allows investigation bf
polymerization and precipitation kinetics at higher temperatures. The

results of these experiments are reported in the next section.
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Iv. ‘EFFECT OF TEMPERATURE ON MONOMER DISAPPEARANCE

1. Water Bath Experiments

Since the equilibrium solubility of amorphous silica increases with

LN

.temperature, the temperature effect on rate of mononer disappearance at a

given initial silica concentration includes a change in supersaturation :

-and a change in the rate constant.. In order to determine the effect of

temperature on the rate constant alone, polymerization rates should be

_compared at the same silica supersaturation.

Figure 9 compares the rates of monomer disappearance at 78°C and at

95°C for experiments with similar initial supersaturations. The 78°C

'-brine was somewhat more supersaturated (580 vs. 550 ppm supersaturation)
fand also slightly higher in pH (5 19 vs. 5 05)\ Either of these factors
;alone would lead to a higher rate of monomer disappearance for the 78°C
.experiment.' Based on the known effect of pH, the maximum rate of monomer
’ disappearance in the 78°C experiment would be expected to be about 38%

. faster than in the 95?C experiment.» Similarly, the difference in the

. supersaturation should lead to a ~17% higher maximum rate for the 78°C

experiment.

‘Since the rate constants are comparable in these two experiments

- (Fig. 9), an increase in rate with increasing temperature is indicated.

Roughly,_the.rate enhancement\factor is 1.6 for a 17°C rise in temperature. )
Accordingly; the activation energy'for monomerxr disappearance in the post-

induction period appears to be less than that for a typical chemical
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Fig. 9: The effect of tempe_rature' on monomer disappearance. Note that
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78° C &nd pH 5.19. The squares show a test at 95° C and pH 5.05.
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reaction. - Qualitatively, an activation energy of about 7 kcal/mole is

: obtained for our results. This result is comparable to the value of about
10 keal/mole obtainable_from the experimental findings of Kitahara (1960);

-2, ~ Autoclave Egperiments

In the previous report, it was noted that in attempts to prepare a

simulated brine by dissolving amorphous silica in-the autoclave at a

' relatively high temperature (2200°C), a ring of hard scale formed at the

liquid—vapor interface. Chemical analysis of a sample of this scale'sﬁowed‘

"4t to be comprised of anhydrous silicon dioxide (103 + 3z 5102), and its
vx—ray diffraction pattern was that of a-quartz. The_formation of quartz
" may explain our inability to prepare solutions that were slightly under- -

. paturated with respect to amorphous gilica (e.g., 800 ppm $102) at and

above 200°C,’iﬂ that the.solubility of quartz at 200°C is'less than 300

,’ppm., It was surprising to find relatively rapid formation of quartz at "'
- these temperatures. scale rings formed within a few hours at and below t
250°C. Since others may be studying, or preparing to study silica scaling -
| from simulated geothermal brines in pressure apparatus, a further brief
f,account of experimental difficulties encountered in the present work may .

be helpful.

The design of the autoclave heating jacket is conducive to some-

whatbuneven heating of the autoclave walls.; Consequently, it was thought S

sthat quartz formation might have been initiated at local hot spots.
: However, heating the autoclave uniformly in an oven at 220°C did not .

_prevent formation of a scale ring.. These largely negative observations
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may‘yet’have some value if avcorrelation can be made with the case of a
hot’brine undergoing flashing. | V
- A scale ring could also have been produced by the evaporation of a
film of solution when the liquid 1eve1 was lowered during sampling. Use
of a Teflon liner should retard scale formation if this were the case and
if the Teflon surface retained its hydrophobicity, Unfortunately, the
Teflon liner tended to’disintegratevat 250°C. At 20Q°C, the liner was
relatively stable, and scale formation was greatly reduced. However, we
were not able to dissolve more than 700 ppm Si07 at this temperature,
out of 800 ppm §102 or greater originally introduced into the brine.
Ve also attempted to eliminate inc¢idental scale formation by use
of an internal stainless steel liner, which was covered by a drip shield |
- 60 that condensate would, in theory, run down the liner walls and redissolve
any scale. The space between”the autoclave wall and the liner was filled
with solution, so that heat wouldvhe transferred evenly to the solution
| in’the liner.‘ This nethod successfully prevented'scale formation, and $102
concentrations as high as 1100 pPpm were achievedt ‘However, evaporation
‘of water from the solution‘in the 1iner and condensation in the outer
solution, or vice versa, made 1t impossible to prepare a brine with a
targetted concentration of . SiOz and salt, further, concentration changed
Trerratically as water evaporated from one part of the system and condensed
into the other. These difficulties seriously impaired the quantitative'
value ofvthe data obtained. ,Thus, we’are not yet in a position to report

rate data for temperatures higher than 95°C.
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We are presently of the dpinioh that it is probably}not feasible -
to prepare accurately simulated brines in the autoclave, with a pre~

determined concentration of silica, unless the liquid-vapor interface is

| éliminated;"(Equilibration of the three constituent solutiqns_-- Section

IT,1 == in an autoclave'prior-to‘mixihg at the desired temperature is a

-possible, thougﬁ very difficult alternate approach.) Accordingly, the

autoclave is being fitted with an internal_bellowé to ralse the pressure

oﬁ the solution abbve the equilibrium vapor pfessute’of water. In that

way, the vapor space will be eliminated ehablihg the preparation of

blsimnlated brines that are just undersaturated with respect to amorphous
~siii¢a at 200°-250°C and, hence;:supersaturated at the lower temperatures

of interest.
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V. SILICA PRECIPITATION AND SCALE FORMATION

~ One of»the most important questions in this study is whether

silica scaling involves deposition of monomer,'deposition of larger

«aggregates, or both. We have tried several experimental approaches to |

this question. First, we have followed the rate of disappearance of.
total dispersed silica, so as to'obtain a measure of the rate of
depositiont .Second, we-have carried out experinents in which the total
surface area of the system was considerably increased by the addition

of pyrex or quartz wool. Third, we have used filtration to bracket the

- sizes of the polymeric silica'species.

In the 2% brines at pH 5, the total dispersed sillca remained

:sensibly constant (i e., within experimental error) for several hours,

" by which time the concentration of monomer had dropped to within 100 pPpm

of the equilibriun Value (Fig. 10). This behavior implies either ‘that
large particles are not formed continuously from the outset, or that
their aggregation is slow. In the polymerization runs carried out in the'

more saline brines (42.6 and 90.3 g/l salt), a pronounced decrease in

total dispersed silica was observed because, w1thin the time of observa—'

tion, the reaction had gone much further toward completion._ However,

™

as shown in Figs. 11'and 12 the rate of this decrease was relatively

slow until the concentration of monomer had almost reached its final

value. A rapid decrease in total dispersed silica ‘then took,place. In

diagnostic experiments w1th pyrex or soft-glass wool present, the rate
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simulated geothermal brine at 95° C and pH 5.1.
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of disappearance of total dispexsed silica was again negligibly small, and
_nO gain in the‘mass of the woolvwas observed.i When the concentration of
total dlspersed silica was followed tor several hours more, the‘mass of
v the‘wool increasedé concurrently with avdecrease in total dispersed
silica. Experimentsldesigned’to disclose'whethef the observed Si0, de-
‘creases were due to filtration by the wool or to scaling directly from |
aqueous species indicated that'filtration of suspended silica flocs was
ifesponsible'for the decrease; Enpetiments_wlth pyrex wool are consis-—
tentiwlth a pictu;e in whlch-the decrease'of total dispersed silica is
‘icprincipelly by agglomerationVend‘settling father than_by direct adhesion
" of monomer or polymer. | | |
' The time lapse prior to precipitation can he'explainedbby assum-

;ing that them;olymerlc particles that formed at an early stage of the
'reaction grow by additlon of monomer or by agglomeratlon, the particles
~eventually reach a size‘at which,they are massive enough or_adherent
k‘enough to flocculate,_settle.or deposit.' To‘determine the nagnitude of
partlcle sizes at which precipitation'occurted, s‘sefies of filtration
»expeflments has been initiated. As shown ln Fig.ilS,'by the mid¥stsge:'
l,of the reaction, a 0.1 micton millipore'filter renoved ovet 80% of the
non-monomeric silica from dispetSion.' At a later‘stege‘of thekreaction, 7
the average'particle sizevwas such thet almuch 1stgerrpote size filtef
(0.8 micron) removed about 34% of the silica in suspension. These |
experiments, while not yet refined to the point where the rate of growth

of particles can be estlmated clearly 1nd1cate that the polymeric parti-<
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Fig. 13: Monomer, total dispersed silica, and dispersed silica

passing through selected filters, for a run with PyYrex wool present.

- Test conditions: 95 % 2°C and pH 5.26 * 0.10. " Filter pore sizes,
in microns, are indicated in the figure. o o '
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cles are extremely‘large, at the upper ‘end of the range of the sizes

usually termed colloidal. A 0.1 micron diameter silica particle con-

" tains about 10 million monomeric units, still larger particles should

: settle rapidly.

It is clear‘from‘these experiments that the term "polymerization"

' may be a.misnomer.v There 1is no_evidenée for'the_continued existence
-of units small enough to be termed”polymeric, although it is possible B

' “that they exist at very low concentrations and play a role in the dis~-

appearance of monomer. Mbst probably, nmonomer adds primarily onto a

- relatively small number of large colloidal particles, which are formed

- rapldly in the earliest stages of reaction.“-"

- In this discussion, we have considered the extent of scaling to

R

'f’be represented by the decrease in total silica measured after a short
time has been allowed for settling. The form of the precipitate is

) :gelatinousp and is probably similar to the "soft scale" found in the’

fieldv(Marsh, 1975). However, our operating'definition regards as scale,

'_particles which would settle regardless Of their tendencj to adhere.-

This definition may not be suitable for the flow of brine through a pipe

in a geothermal system._ However, it 1is a useful measure of maximum scale

'“'formation under ‘minimum flow conditions."

The type of scale formed in these experiments may not be directly

e»related to the more prevalent "hard scale" found in the field. We have _p,v

begun investigations into the conditions under which hard scale can form.

From preliminary studies, it appears that formation of hard scale is
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favored By higher pH and by the presence of a cooled surface. Garrett
Research and Development Co. (1975) similarly obtained coherent scales
~on cooled probes at a pH generally near 7 and wlth brine constituents in

comparable proportions to those 1n our experiments.

pCharacterization of Scales

~ * We have analyzed eight scale samples from our 95°C experiments.
These 1nc1ude soft and hard scales and silica floc filtered from the
brine at the termination of rums. Energy dispersivefanalysis by scanning
“electron microscopy~ﬁas employed to give semiquantitative elemental
‘analysls. All scale samples were found to be principally amorphous*
r'bsilica. Traces of Na, K, and Ca were detected from energy spectra,
;"‘ij_j }:-but.peaks were'invariably also located for Cl in_these cases, so that
| . ‘the presence of these cations is.thought to reflect traces of,resldual =
salts from the brine. Correspondingly, the presence of any Na, K,'orA

Ca-silicates is thought to be'minor.

*The only exception is the scale ring from the autoclave that was found
- to contain o—-quartz.
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VI. CURRENT RESEARCH PLANS

There are many areas within the scope of the program that are

. deserving of further attention.;‘We currentl& plan to putveffort into

fsolving all of ‘the follow1ng problems, with the anticipation, if success~
“ful, of acquiring a good understanding of the phenomenon of silica
o scaling.. We should then be in a p031tion to recommend changes in pro—
cedures'or other'meansvfor reducing the amount ox effect of silica
"v”scaling‘in actual operations.‘ By way of approaching this goal, we intend
to: | |

e Obtain more detailed information on the particle size dis—

. tribution of dispersed silica during disappearance of
silicic acid monomer.

° sFurther identify the factors determining whether excess

~silica is rejected from geothermal brine as particulates

or as soft or hard scale. Included in this portion of the

- study will be specific substrate effects, thermal contrast,
filtration of the growing silica particles, and incorpora*
tion of brine constituents. , .

e 'Characterize the silica scales and precipitates, produced
in the laboratory, with respect to morphology, crystal
‘structure, mechanical properties and detailed chemical
composition; make comparison with silica scales and depOSltS ,
from selected field sites.

o Establish which of the major brine constituents, if any, is.

" responsible for the observed acceleration of monomer °
disappearance with increasing salt concentration. -

' Additionally, investigate the influence of selected minor

- constituents of geothermal brines suspected of having the -
capability to influence the course of excess silica
rejection. Included in this category are fluoride, aluminum,
iron, and magnesium. ‘

° Round out the study of pH and temperature effects on the
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kinetics and course of monomer disappearance, especially

- in the direction of higher temperature and pH. 1In con-

" junction with this work, make an effort to overcome'
experimental difficulties incurred by use of an autoclave,
and conduct experiments with the exclusion of the vapor
phase. Further, acquire suitable techniques for utilizing

COy-buffering, thereby removing reliance upon artificial
%fer agents.

Obtain better definition of the quantitative effects of
salt and silica concentrations on the kinetics and course
of silica rejection from supersaturated brine.  In this
connection, establish more firmly the variation of final -
monomer. concentration with salt concentration - if possible,
at two or more brine compositions and temperatures of
~interest.

Extend and refine the analytical model of monomer v
- disappearance, including delineation of events occurring
“duting the incubation period. As a minimum goal, produce ‘
-a rational framework for quantitative expression of the
rate of relief of supersaturation.

Develop a comprehensive rate expression exhibiting the
* functional dependence of the rate of approach of the
mono-silicic acid concentration to its final value on .-
all concentrations and brine properties known to be of
significance. : :
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