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ABSTRACT

We have experimentally studied the kinetics of
amorphous silica precipitation from aqueous solution
up to 100°C and containing up to IM NaCl. Empirical
equations for the rate of molecular deposition on
surfaces as a function of temperature, dissolved
silica concentration, pH and salinity are presented.
Empirical type curves which depict the decrease in
dissolved silica concentration through homogeneous
nucleation of colloidal silica are also presented.
Two practical examples related to geothermal practice
are given.

INTRODUCTION

It appears that under most conditions silica
precipitates as relatively pure amorphous silica.
This conclusion is supported by geothermal field
experience, laboratory research and theoretical con-
siderations. The scope of our study was restricted
accordingly.

The process of amorphous silica precipitatién
from supersaturated bulk aqueous phase consists of
the following steps: S

to critical nucleus size.
2) Nucleation of an amorphous silica phase
(from here on simply AS) in the form of
colloidal particles.

3) Growth of the supercritical AS particles
by further molecular deposition of silicic
acid on their surfaces.

Coagulation or flocculation of colloidal

4)
particles to give a gel.

5) Cementation of the particles in the gel by
chemical bonding and further deposition of
silica between the particles.

6) Rarely, growth of a secondary phase in the

1) Growth of polymeric silicic acid complexes"

interstices between the AS particles. Such
secondary deposition of FeS and of calcite
has been reported, but is uncommon.

The above process occurs when the concentration
of dissolved silica is high enough for homogreneous
nucleation to occur at a significant rate. Very
roughly, this requires a saturation ratio (the ratio
of concentration to the equilibrium solubility) of
two or greater. If this condition is met, massive
precipitation occurs. This is the case with the
residual (flashed) brine at Niland, Cerro Prieto and
Wairakei, and dealing with the consequences presents
the greatest technical problems encountered at these
sites.

If the concentration of dissolved silica is too
low for massive homogeneous nucleation to occur,
relatively slow molecular deposition upon solid sur-
faces becomes the major precipitation mechanism. The
product of this process (essentially step 3 of the
above scheme alone) 1is a dense vitreous silica.

The goal of this study has been to generate
sufficient experimental data and theoretical analysis
concerning ‘steps 1) to 3) to enable their ohenomemo-
logy and kinetics to be quantitatively predicted and
1pterpretéd over most of the range of practical con-
cern.

The results presented in this paper are of a
preliminary nature and subject to expansion and
revision. We do, however, consider them to be ade-
quate for most practical applications as far "as they

go.

Values of constants not defined in the text are
given in the Nomerclature section.

The Homogeneous Nucleation of Colloidal Amorphous

~,

TV~
O id Tl

The voluminous gel-like deposits encountered at
Cerro Prieto, Wairakei, and Niland consist of floccu-
lated colloidal amorphous silica. The crumbly grey
and white scales associated with the gel-like mater-

DISTRIBUTION OF TS GoCUHERT 18 UNLIMITER E




ials are cemented colloidal agregates. This colloi-
dal silica is produced by homogeneous nucleation in
the 1liquid phase, i.e, nucleation by growth of poly-
mers to critical nucleus size without the partici-
pation of some preexisting solid particle.

With most substances heterogeneous nucleation
is dominant, and homogeneous nucleation is very slow,
rare in nature, and difficult to study in the labo-
ratory. The precipitation of amorphous silica is
an apparent exception to this because of the very
low surface tension of the silica-water interface -
between 35 and 50 ergs cm~2 over the range of major
practical interest. (By comparison, the surface
tension of the water-air interface is about 70-80
ergs cm~<,) This means that enormous numbers of
particzles can groduced by homogeneous nucleation
(on the order 101 to 1018 per liter), and this
completely swamps the effects of heterogeneous nu-
cleation.

We have derived this semi-empirical expression
for the surface tension of the AS-water interface:

Y(ergs em™2) = vy - no kg T 1n (1+K,S) (1

where

Yo= 59.5 + 0.015 T

841
T

(The second term in (1) expresses the thermodynamic
effect of the chemisorption of dissolved silica on
the surface of AS.)

Ky = exp (1.072 - )

A practical consequence cf the dorminance of
homogeneous nucleation is that the precipitation of
amorphous silica is experimentally reproducible and
predictable. This is because the rate of homogeneous
nucleation is determined by basic thermodynamic and
chemical variables (copcentration, surface tension,
etc.) and not by often unknown trace contaminants
as is the case with heterogeneous nucleation.

Figures 1 to 4 present experimental results
which depict the decline of dissolved silica with
time via the homogeneous nucleation mechanism.
These experiments were performed at various pH's
in a low salinity buffered medium in which the
sodium ion activity was approximately 0.069M, and
the time scales were shifted to covert all data to
a nominal pH of 7.0. These conditions are approxi-
mately equivalent to a .088M (= 5200 ppm) NaCl
solution at pH 7. Note that the time scales are
logarithmic. Thus, at any given temperature, the
time needed for homogeneous nucleation to rum its
course may vary from a few minutes to thousands
of minutes, depending on the initial silica con-
centration.

What is really important here is the saturation
ratio:

s = c/C, (2)
to evaluate C,, we recomment using the empirical
expression given by Fournier and Rowel for the
equilibrium solubility of AS:

Co = antilogyq, (1.52 - lgl 3)
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In general, the homogeneous nucleation process is
very slow if S is less than about 2.

Note that at the lower initial concentrations
at each temperature there is a certain induction
period during which there is little concentration
change. This is because it takes a certain amount
of time for the nucleation process to produce enough
particles to noticeably effect the dissolved silica
concentration. With higher initial concentrations
the induction period is short or even absent due to
the much_higher nucleation rate. At 30°C and Cj
> 0.7gL'1, the curves become almost independent of
Cj. This is because under these extreme conditions
the rate of nucleation proper is so large that it
is no longer the rate limiting process.

Practically speaking, with a large initial
saturation ratio, amorphous silica gels may form
within the process equipment and associated piping.
This is observed at Cerro Prieto and Niland. With
small saturation ratios, massive precipitation will
not occur within the process equipment, but may
very well occur further downstream.

We have generated a large quantity of such
nucleation data from room temperature to 100°C and
have written a computer program which can numer-
ically (and rigorously) model the homogeneous
nucleation process; i.e., it can reproduce the
curves in these figures. After we have fitted the
necessary parameters using our experimental data,
we will be able to quantitatively model and predict
the process, even under the experimentally inaccess-
isble conditions characteristic of field practice.
In particular, Eq.(l) will be adjusted to reconcile
it with the nucleation data. The program will be
documented and made available to interested out-
side users.

MOLECULAR DEPOSITION ON SOLID SURFACES

By molecular deposition we mean the formation
of compact, nonporous amorphous silica by chemical
bonding of dissolved silica molecules directly unto
solid surfaces.

Below about 100°C, homogeneous nucleation is
usually the dominant precipitation mechanism. The
major significance of molecular deposition here is
that it is the molecular mechanism of the growth
of colloidal particles and of the conversion of
gel-like deposits to solid scale. However, at
higher temperatures molecular deposition from
solution may by itself produce scale at a signi-
ficant rate. Although the deposition rate is very
small (about 1 mm/year in the flashed brine pipes
close to the stear separators at Cerro Priecto),
this scale is almost indestructible once formed.

We studied the molecular deposition process by
adding known amounts of colloidal silica of known
specific surface area to our solutions. To calcu-
late the molecular deposition rate per unit area
on a spherical particle of radius r, the
expression:

- USse

Rpg(g em~Zmin=1) = k(T)f,u(pH, Na*])

(1-s71 exp (—2X)s4

(4a)
anBTr
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" to unity at pH = 7 and Nat = 0.069.

To calculate
the molecular deposition rate.in the units of yum/
day, multiply the values calculated from Eq.(3) by .
6.52 x 105, "The factor in brackets in Eq. (4a) is’
derivable from. the Law of Nicroscopic Reversibility,
and it accounts for .the greater solubility of smal-
ler particles. .To cslculate the deposition rate on
a flat surface,.set « = 0.

Note that Eq. (ha) is ‘an apparent .fourth order
rate law. - This shows that the initi- ‘ormation
of the first chemical bond between . . ,ecule ,of
monosilicic acid (MSA) in solution ... :he silica
surface is not the rate determining 5:.ﬂ of the

deposition process. Rather, further condensation.
and rearrangement of chemisorbed silica species is
rate determining. ‘The dependence on .S arises because
the amount of chemisorbed silica is determined by . .
it. Deposition rates.at pH = 7, Nat = 0, 069M .

and various temperatures and dissolved .silica con-
centrations were calculated (and extrapolated) from .
our experimental data and are presented in Figure

5. The dashed line represents the approximate
concentration limit above which homogeneous nuclea-
tion supersedes deposition on added particles as

the dominant mechanism. . Our data actually covers
only the range between 50 and 100°C and below 'the P
dashed line. However, we believe the extrapolated
values to be good enough for practical application.

At any given concentration, there is a'tempera—
ture at which the deposition rate has a maximum
value. Below this temperature, rate increases with‘
temperature in the usual way. Above this tempera- .
ture, the rate of deposition decreases because the
increasing solubility of silica causes the rate of
the back reaction (i.e., dissolution) to increase -
even more rapidly. At the saturation temperature
for any given concentration, the deposition. rate
goes to zero.: The practical consequence of this
is that the molecular deposition rate is a week
function of temperature at temperatures lower - than.
about 15°C below the saturation temperature. How-
ever, the rate varies strongly with silica concen-
tration.: : - .

EFFECTS OF pH.

.. It has long been believed that the .rate. of amor-
phous silica deposition is proportional to the sur-
face density of jonized silanol.groups on the silica
surface?.. Our experiments on the pH dependence: of.
the rate proved this hypothesis conclusively.. We )
found that the rate as a function of pH calculated.

from our data matched surface charge vs. pH data in
the literature3 to within experimental error.;_h

The function fyp fitted to our data and evaluat—
ed at [Nat] = 0.06Y is presented in Figure 6. It is
the solution- of. an equation which describes the ex-
change of protons on the silica surfaces for sodium
ions. Unfortunately, there is no closed form ex-
pression for fpg, In order to facilitate numerical .
use of pr, We have fitted empirical closed form
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where ‘ . . e ‘ expressions‘to the "exact" calculated values. These
Lot 3 T are given below for a constant sodium activity of
log, k(1) = 2.70' ﬂ’i + w00 - 28 19 by | o.0eoM !
| and Y 1s to be.calculated .using-Eq. (1). The At pH< 5 9, .use the expression: .
function fpy accounts for the effects of pH and
' salinity, and will be presented below. It is-equal- 1°310fpﬂ' x:=: 2 2583f + 10810(1-f0) + 0. 9248 (5a)

where

x = pH - l;6 .

fo = antilogj;gx

At 5.9 < pH< 8.0, use

‘-‘x - 2,113 logjqg (1 + antilogg

1
(x/2. 113)) - x/(9.€538 + 1,7901x
+ 4.1811x2) + 0.9248

loélofpn
' (5b)

_We found that the reaction rate ceases to in-
crease in proportion to surface charge at about
pH 8. .This is due to the offsetting effect of the
increase of silica solubility with increasing pH.
Our data suggests that for 8.0 < pH < 9.0 it is an
adequate approximation to set fpy = 2.70. Our
results 'should not be used about pHS.

Increasing the pH at constant salinity increases
the rates of molecular deposition and homogeneous
nucleation by the same factor. The effect upon the
latter is a consequence of the effect upon the
former. :

EFFECTS OF SALINITY

- activity that is important.

_Dissolved salts have two important effects upon
these processes:

1) They decrease the solubility of amorphous
- silica and, thereby, increase the rate of
- homogeneous nucleation.

....2) Increasing the salt concentration at con-
stant pH increases the surface charge
density and, thereby, the rate of mole-
cular deposition.

The second effect increases the rates of mole-
cular:deposition and . homogeneous nucleation by the
same factor. The first effect increases only the
rate of homogeneous nucleation. It will be dis-
cussed in detail below.

Except at very. low salinity, most of the dis-
sociated silanols on- the silica surface have cations
bound to them - in the case of our experiments,
sodium. This means that sodium and hydrogen ion

activity do not have independent effects upon the
rate; rather, it is the ratio of sodium to hydrogen
Therefore, Figure 6
and the expressions for fpy given above may be
used to calculate the effect of.salinity upon the
molecular deposition rate as well.

"To do this, calculate a "nominal pH value"
defined by -

PHyom = PH + log ety

0.069 (6)

and then read off the value of foy from Figure 6 or
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calculate it from Eq. (5a or b) using the value of
PHpom in place of pH.

For example, to calculate the molecular deposi-
tion rate of 100°C, pH 6.5, [Nat) = 0.069M and
0.7g/L dissolved silica: - First, read the deposit-
ion rate at pH 7.0 and [Nat] = 0.069M from the
Figure 5. This value is 0.22 ym/day. Second,
calculate pH,, . using the equation above. This is
7.5. Third, read the value of fpy (7.5) from Figure
6; this is 1.8. Finally, multiply the two numbers
together to obtain the deposition rate which is
0.40 ym/day.

Our data suggests that this procedure is adequate
for solutions which contain up to at least IM NaCl,
and it may be adequate at even higher salinities.
However, it cannot be recommended for use at salini-
ties much below 5200 ppm. At very low salinities
dissociation without ion pairing becomes important,
and the basic assumption of the equivalent and
opposite effects of hydrogen and sodium activity
collapses. We hope to remedy this shortcoming by
detailed reanalysis of the low salinity surface
charge data in the literature.

The dissolved solids in real geothermal brines
are usually predominantly sodium chloride, but other
salts are also present. We have found that, in
most cases, it is sufficient to use an "effective
sodium jon activity" calculated as 0.77 times the
(molar) concentration of chloride. If bicarbonate
is present as a major ion, use the sum of the
chloride and bicarbonate concentrations in place
of chloride alone. The rationale for this procedure
is that the various other major cations that mayv
be present have essentially the same effects as
sodium, and the activity lowering effects of di-
valent anions =pproximately compensates for the
concentration of the cations that accompany them.

We have studied homogeneous nucleation in NaCl
solutions both experimentally and theoretically,
and have managed to quantify the "solubility effect”
((1) above) as well. To within experimental error,
we are able to account for it using the simple
artifice of a "nominal concentration':

Cnom = C [1 + 0.057 My,cy] )]

The value of C,,, is to be used in place of C
only in connection with Figures 1 to 4. Do not
use it in connection with Figure 5 or Egs. (2) and

(4a).

Thus, to approximately predict the course of
homogeneous nucleation for a given set of condit-
ions:

1) Calculate C,,, and look up or interpolate
the appropriate curve in Figures 1 to 4.

2) Calculate pH,,, and f PHpom) using Eq.
(5a or b) or Figure 6.

3) Shift the time scale of the curve obtained
in step 1) by logjg fPH in the appropriate

direction.

We have also studied the catalytic effects of
fluoride. This data has not yet been completely

analyzed. However, practically speaking, the effect
of 20 ppm fluoride may be ignored above about pH 5,
and that of 2 ppm fluoride may be ignored above
about pH 4.

SOME PRACTICAL EXAMPLES; OR, HOW NOT TO REINJECT

Case 1):

Consider a hypothetical geothermal development
at which the spent brine contains 5200 ppm NaCl,
0.5 g/L dissolved Si0y, and is delivered to the
reinjection well at 75°C'and pH 7. The brine de-
livered to the reinjection well is completely clear
and goes right through a membrane filter. The
decision is made to reinject. Reinjection commences
at 400 t/hr into an aquifer of 200°C initial tem-
perature, ¢ = 0.1, h = 20 m and volumetric solid
rock heat capacity = 2460 kj/m3°c. After about 12
days the thermal front 1s about 60 meters into the
formation, and the fluid travel time from wellbore
to thermal front is about 50 hours = 3,000 minutes.
Referring to Figure 2, we see that there is now
ample time for homogeneous nucleation to occur be-
fore the fluid reaches the thermal front. The
result is that the injectability of that horizon
is damaged by silica precipitation. Furthermore,
well treatments with caustic of HF are not effective
because the damage is 30 to 60 meters away from the
wellbore.

Case 2):

Can one reinject straight from the first stage
steam separators at Cerro Prieto? Assume the fol-
lowing typical brine conditions at the injection
well: 160°C, 0.95 g/L dissolved $i0z, effective-
Nat] = 0. 25 and negligible suspended solids. The
brine pH at reservoir temperature is not known,
but is approximately 7.8 at room temperature. This
gives a nominal pH of about 8.3 (which is within
the range of weak pH dependence) and f,y = 2.7
(from Figure 6). The pH,.m
is read from Figure 5 as about 1 3 um/day. Correct-
ing for pH, we obtain the actual deposition rate of
3.5 ym/day = 1,3 mm/year. This is consistent with
the observed rate of vitreous silica deposition
near the separators at Cerro Prieto. Because pore
permeability is dominant at Cerro Prieto, it is
clear that injecting this brine would rapidly plug
the injection well.

We hope that such mistakes will be avoided.
Eowever, we emphasize that both of these brine
streams would be deemed injectible under the criti-
ria presently in vogue: they would be able to pass
freely through a micron-sized membrance filter and
would not cause visible fouling of metal surfaces
during field tests of a few days duration. It is
precisely the refinement of such criteria that we
hope to have accomplished with the work summarized
here.

-

NOMENCLATURE

All concentration in this paper are expressed
in terms of g/L or moles/L. What is meant is the
amount of material that would be contained in one
liter of brine cooled down to room temperature.
Therefore, these concentration values do not vary
with temperature, and are equal to concentrations
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in terms of amount per Kg H70 at low salinity. This
convention was chosen because it is most convenient
for laboratory work and seems to be the one usually
employed in geothermal practice.

AS abbreviation for amorphous silica
C = concentration of dissolved silica in g

$i0,/L (referred to room temperature;
see above)

Cy = jnitial concentration of dissolved silica;
g/L

Chom = ''mominal concentration" of dissclved silica
(see text)

Co = concentration of dissolved silica in equi-
librium with solid AS at a given T and
low salinity; g/Kg Hy0

pr = function which expresses the effect of pH
and salinity upon the rate of molecular.
deposition (see text); dimensionless

kg = 1.38054 x 10716 ergs k°1; Boltzmann's v
constant, a fundamental physical constant

k(T) = the apparent rate constant for molecular
deposition at pH = 7 and Nat) = 0.069

Ky = the equilibrium constant for chemisorption
of dissolved silica on the surface of AS;
dimensionless fres

xVaCl = concentrztion of sodium chloride; moles/L

D\ .

{Na*] = sodium ion activity

ng = 8.14 x 1014 qm’z = the surface density of

sites for chemisorption on the surface of

pH = minus log base 10 of the hydrogen ion
activity

Mo = "nominal pH" (see text)

r = the radius of a spherical particle of AS;
cm :

Rpa = the rate of molecular deposition of dis-
solved silica on an AS surface; g cm™
min-1

S = C/Cy = saturation ratio; dimensionless

T = absolute temperature; Kelvins

Y = surface tension of the AS-water interface;
ergs cm2

Yo = surface tension of the AS-water inter-
face in the hypothetical state of no
chemisorption; ergs cm™

N = 1022 enm3 = the number density of Si0;
units in solid AS

ACKNOLWEDGEMENTS

The work reported here was supported by the
Division of Geothermal Energy of the U. S. Depart-
ment of Energy.

REFERENCES

1. R. 0. Fournier and J. Rowe, American Mineralo-

gist, 62, 1052-1056 (1977)

~2. C. B. Hurd, C. L. Raymond and P. Schuyler Miller,

J. Phys. and Coll. Chem. 38, 663 (1934)

3. L. H. Allen, E. MatijeviZ and L. Meites, J.
Inorg. Nucl. Chem. 33, 1293 (1971)

AS (a theoretical estimate)




..])

0,L

LA B | T LA AL | T LI B GBI A | Y ™

i Homogeneous nucleation
_\IO0° C, pHnom =70 1.
Qo} 08

|.2 ‘.‘ .

i
o
I

L]
L

1

LS

T

00 adaal i [AETE IS W | " a2 1 2l i P

05 10 5 10 50 100 500
Time (min)
F16. 1 - HOMOGENEOUS NUCLEATIION AT 100°C, pH=7.0, Na*=0,069%; 1.€.,

wnom=7,0. Curves LABELED wITK VALUES oF ( (eL-"), No DISCRETE DATA
BoINTS BECAUSE DATA GENERATED BY A CONTINOUS FLOW SYSTEM.

Silica concentration (g S
o
[8,}

T T T T T T L SRR A Y T

0 Homogeneous nucleation N
’ 15°C, pHpgp * 7.0

05 10 —
- il ., 4
! 09 08 01 05 -

o aaal RS B SN | N ! | NS BT | N it
05 10 1) 10 50 100 500 1000 5000
Time (min)

Fi6, 2 - HomorENEOUS NUCLEATION AT 75°C, owy0,=7.0. PISCRETE DATA POINTS
GENERATED BY PERIODIC MANUAL SAMPLIRE, '

Silica concentration (g Si0,/L)

TJ vTrT ~T Bl v TyYry T nd
™ ~vreT 7Ty —TrrTY T T T T T
] - Homogeneous nucleation
v owor 50°C, pH =70 T
nom
= :
8 1
=] 3 p
B
T 05 4
8 4
10 -
S 09 08 o a0? ]
06 05 i
o
O 00t Ao baaaad IS U o e bt PSPPI Y |
'U=7 05 10 5 10 50 100 500 1000 5000 10000

Time (min)

FiG. 3 - HOMOGENEOUS NUCLEATION AT 50°C, pHyom=7 +0



A

Deposition rate (um day™')

100

0.0l

0.001

SURFACE AS A FUNCTION OF TEMPERATURE AND CONCENTRATION

—

i

d\, vy v ey r—rry yepmeprrrr . T
~ i Homogeneous nucleation
(g 10F data for cls 060t23°C T
- C.207 at 30°C
8 ]

Q PHoom® 70 1
E s
5 05} ]
e | ~22 ‘
3 - S _0'3 1
o 3 =0 -
._C_g 00 Liwaul " 1 1 ealaag! FUNETURTES SO | P e |
o) 05 (O 5 10 50 (00 500 1000 5000 (0000
Time {min)

F16. U - HomoRENEOUS NUCLEATION AT 30°C For C,2 0.7, 23°C For (< 0.6. pHnom=7 -0

Silica deposition rates at pH7 in low salinity medic

T 1T L T T Ty T

i T

-

il I I L i Il

|
150

1
50 100

Temperature {°C)
F16. 5 - RATE OF MOLECULAR DEPOSITION OF SILICA ON A FLAT

Variation of deposition rate with pH

T T T T

Relative rate

1 | 1 1

¥

0.0l5 6 7

PHnom
Fi6. 6 - RABE oF MOLECUl(AR Dsgosmon RELATIVE TO THE RATE
= . >

3 1B F (obyon

AT phyoM






