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SUMMARY

In our experiments supersaturated brines were passed through
columﬁs packed‘with several forms of silica (crystalline a quartz,
polycrystalline o quartz, and porous Vycor). Also, silica deposition
on ThO2 microspheres and titanium powder was studied under controlled
conditions of supersaturation, pH, temperature, and salinity. The
residence time was varied by adjustments of flow rate and columnklength.
Thé silica contents of the input and effluent solutions were determined
colorimetrically by a molybdate method which does not include polymers
without special pretreatment;' 7

The following observations have been made:

(1) Essentially identical deposition behavior was observed

once the substrate was thorbughly coated with amorphous
silica and the BET surface area of the coated particles
was taken into account.

(2) The reaction rate is not diffusion limited in the columns.

(3) The silica deposition is a function of the monomeric

(Si(OH)4) concentration in the brine.

(4) The deposition on all surfaces examined was spontaneously

nucleated. v ‘

(5) The dependence on the supersaturation concentration,

hydroxide ion doncentratiom surface area, temperature
and salinity were examined.. Fluoride was shown to have
no effect at pH 5.94 and low salinity.
The empirical rate law which describes our data in 1 m NaCl in the

pH range 5-7 and temperatures from 60-120°C is:

d[Si(OH)4]

’ 2 -,0.7
ac = 0.12 A ([Si(OH)4] - [Si(OH)A]eq) [oH ]°°° (1)

where A is the surface area in cm2 amorphous 8102 per kg of water in
column voids, t is in minutes, and the concentrations are in molal units.
Hydroxide concentration was derived from the measured pH and the ioniza-

tion quotient for water. In the expression given above the rate constant



is essentially independent of temperature over the range 60-120°C. A
cursory study of the effect of salinity showed little difference for 0.09
and 1.0 m NaCl solutions; however, increasing the concentration to 4.0 m
increased the deposition rate by more than an order of magnitude. The
rate of linear growth of an amorphous silica surface in cm/min in < 1 m
NaCl is given by

dh

3¢ = 31 ([si(om),] - [Si(OH)4]eq)2 ror~1°+7 .

These equations can be used to estimate the rate at which reinjection
formations will plug given data on the porosity, area, and brine pH and
monomeric silica concentration. Experience with various substrates
indicates they all become coated with amorphous silica in relatively

short times even in the absence of amorphous silica-like materials.

Deposition then proceeds according to the rate equations given.



1. INTRODUCTION

1.1 General (Behavior of Silica)

1,2 deposited from geothermal brines as the

The principal materials
heat is extracted are CaCO3, metal sulfides, and'amorphous silica or
mixed phases in an amorphous matrix. The deposition of calcium carbo-
nate is rapid when supersaturation conditions exist as a result of the
removal of C02. When the brines are extracted from deep hot reservoirs,
the silica content corresponds to the solubility of o quartz in the
brine at the reservoir temperature.3 Because of the very slow kinetics
of crystallization of quartz below 300°C, silica is deposited during
the heat extraction process as the more soluble amorphous form. Deposi-
tion may occur in well caéings,'piping, valves, flash tanks - where con-
centrations and the degree of supersaturation are increased - in heat
exchangers, on turbine blades, in holdup storage ponds or in subsurface
formations where fluids are‘reinjected for disposal. The latter is a
serious threat to the lifetime of the reinjection well since maintenance
of the porosity and permeability of the formation in the vicinity of the
well bore are critical factors.

The mode of occurrence of silica in dilute aqueous solutions is

‘generally accepted to be as the species Si(OH)4 in the acidic-to-neutral

pH range. In basic solutions the anionic species S$i0(OH) —,'SiOZ(OH)Zz_,
and Si4(OH)182— have been observed4’5‘in potentiometric studies. The
equilibrium reactions amongst these anions and the neutral silicic acid
have been studied in detail in sodium chloride solutions to 300°C. Also,
the fluoride ion interacts with silicic acid in relatively acidic
solutions, proddcing'principally the SiF62-rcomp1ex.6 The stability of
the complex decreases as the temperature increases.

The solubility in water of the most rapidly precipitating solid
form, amorphous silica, has been investigated by Fournier to 350°C.7
The solubility t07250°C1at the saturation vapor.preséure is represented

in molal units by the expression

1§g [Si(OH)4] = -0.26 - 731/T | 1)



It is generally accepted that in equilibrium with amorphous silica (and
also for the more insoluble crystalline phases of silica - quartz,
crystobalite, etc.) the principal silica present in acidic solutions is
monomeric silicic acid: This is based on the rapid color dévelopment
in the molybdate method of analysis and also on analysis of potentiometric
data in nearly saturated Solutions.4’5 However, when the solution phase
is supersaturated with respect to amorphous silica, polymerization pro-
ceeds with formation of colloidal particles and ultimately amorphous
silica precipitates. The most regularly formed amorphous silica is
natural opal consisting of a lattice-like structure of primary and
secondary spheres.8

The polymerization process has been studied extensively and there
is now considerable information on the nucleation process and the initial
stages of polymer growth, but insufficient information exists to permit
an analytical description of the growth process from homogeneous
solution onto preformed surfaces. It was the objective of this present
work to conduct laboratory studies which would provide such kinetic
information applicable to deposition in formations used for waste brine
disposal by reinjection and on in-plant equipment during heat extraction.
Previous workersg-17 have extensively investigated silica polymerization
from supersaturated solutions with widely disparate results depending
on the particular experimental conditions. Reaction orders vary from
0 to 8, with induction periods of varying duration observed. Widely
varying colloids, precipitates and deposits are formed. The lack of
reproducibility, of course, stems from the large number of factors
.affecting the polymerization process, as has been demonstrated by these
studies: method used to prepare supersaturated solutions, pH, solution
concentration and composition (c1”, F ), temperature, hydrodynamics,
impurities which act as active nuclei, analytical procedures, and
combinations of these. The vagaries of the nucleation process which
initiates polymeric growth are a substantial complication to the pre-
diction of silica deposition in geothermal applications. On the premise
that geothermal brines would be well supplied with nucleation promoters

and that reinjection formations would provide sites for initiating
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silica deposition, we undertook to study the growth kinmetics of silica
deﬁosition on seeded or coated substrates. The work was part of a

program at Oék Ridge National Laboratory to examine silica deposition
behavior in dynamic geothermal systems from hydrothermal brines which

are found in the western United States.

1.2 Kinetics of Crystal Growth

The theory of crystal growth is not yet at a stage where the
mechanism of growth or the form of kinetic rate law are predictablels’lg’20
unless the process is under diffusion control. The growth rate for some
substances is indeed limited by diffusion in solution, but for others it
is limited by interface reactions. Since in the case of silica deposi-
tion the process is accompanied by dehydration, one might expect inter-
face reaction limitation.

Fick's first law of diffusion describes the heterogeneous processes
which are diffusion limited, i.e.,

Am
J=—D‘A—i—A (2)

where J is the flux of deposition (moles kg-l s&c_1 cm—z), Am is the
change in concentration across the film of thickness AX and A is the
surface area per kilogram of water.

Where interface reactions are iimiting the form commonly observed
1s

dm

'&:t:"'kA(E“E’e)n B 7 (3)

where k is arspecific rate constant, A ié the area of the solid per kg
éf solution and m, represents the molal solubility of the substance.

The order of the reaction depends on the number of ions involved in the
formula of the salt. There is not yet a very satisfactory explanation
for this mathematical form with respect to the concentrations,/but the
moét often quoted one was put forth by Doremus.21” In his work on ionic
salts, n took values of 3 and 4 depending on the number of ions in the
crystal. The essential part of his detailed interpretation is that the

rate limiting step involves adsorption of the reacting species on the



surface and that this adsorption is proportional to the difference

m-m.
= —e

2. EXPERIMENTAL

2.1 Apparatus

The brine preparation and packed column setup are shown in Fig. 1.
Brine of appropriate composition was pumped through a preheater and
saturator column with the column held at the temperature required to
give the desired silica concentration. The silica saturated brine thus
prepared then passed through a manifold held at the same or a slightly
higher temperature to prevent premature polymerization; a sampling
station provided-  for monitoring the silica concentration in the brine.
Connections from the manifold to the packed columns and their individual
effluent samplers were made with titanium capillary tubing and minimum
holdup valves to minimize extraneous volumes. The columns and a tempera-
ture adjustment coil were immersed in thermostatted baths as shown.
Initially the columns were 9.5 mm I.D. Pyrex pipe, but later 8.4 mm I.D.
titanium pipe was used. The effluent was quenched in a capillary coil
in an ice bath; our experience has shown this to be an effective way to
prevent capillary and valve plugging. The samples were taken in volu-
metric flasks containing an aliquot of hydrochloric acid solution such
that the pH of the mixture was between 2 and 3; supersaturated silica

brines such as we have dealt with are stable for hours in this pH range.

2.2 The Packed Column Approach

In this program we have packed small columns with various substrates
of known BET surface areas and then passed solutions supersaturated with
silica to coat the substrates with amorphous silica. Then we examined
the kinetics of deposition on the coated surfaces and measured the BET
surface areas when the experiment was completed.

The use of a packed column has several advantages in studies of
this type. The principal advantages are:

(1) The high surface area-to-volume ratio which allows

the deposition on the bed to occur to the exclusion
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of homogeneous nucleation and polymerization in
solution; '

(2) The ease of sampling and quenching which are
essential when the residence times are short
(minutes); and

(3) The elimination of agitation and possible attrition
caused by stirring as in a batch equilibration.

In addition, some exploratory column studies carried out previously
clearly showed that the silica monomer deposits rapidly on an amorphous
silica substrate (porous Vycor) but polymeric silica quite uniformly
passed through the column unaffected. This is shown in Figs. 2 and 3
which are cross plots of the feed and effluent concentrations for
solutions containing varying amounts of monomer and polymer in the
range 100-1000 mg silica/kilogram of solution. With the monomer solu-
tions the effluent concentration was always less than that of the feed,
indicating deposition; whereas for the polymer solutions the data group
around a - 45° line indicating no interaction. These results gave perti-
nence to column studies in that they were consistent with field obser-

22,23 which demonstrated as much as a thirty-fold reduction in

vations
silica deposition after waste brine ponding for a period long enough to
substantially reduce the concentration of silica monomer by polymerization.
Two procedures were used to show that the column results were not
influenced by simultaneous homogeneous polymerization of the silica.
The first of these involved analysis of column effluent samples for
total silica. Little or no polymeric material was found. As an
additional check, the polymerization rates for various conditions were
checked and the amount of polymerization was shown to be negligible for
most conditions and retention times of interest. Thus as shown by the
dashed curves in Fig. 4, the column reaction was 90% complete without
significant polymerization having occurred in the same time period.
These polymerization data were obtained by sampling column feed solution
in a beaker in a constant temperature bath. The solid lines show a

similar comparison under conditions favoring homogeneous polymerization -

high pH, salinity, temperature, and with a low surface area substrate
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(coated ThO2 microspheres). The polymerization data were obtained
using an empty column setup and flow rates which gaveretention times
comparable to those of the packed column studies. Under these extreme
conditions polymerization was appreciable in times of interest and

could introduce appreciable error.

2.3 Substrates

Several substrates have been used in these studies, including:

Polycrystalline o quartz - aggregates of small angular grains
individually less than 9 um in diameter; aggregates average 70 um and
range to 350 pm. Fines were separated from the material used in the
columns by Stokes column flotation with flow rates designed to remove
particles smaller than 25-50 um. Several percent of single crystal
particles in the same size range (50-350 um) were also present, as
were small amounts of magnetic iron oxide particles.

A semiquantitative amalysis of this material showed the following
in addition to Si (in mg/kg): Al-400, Ca-20, Cr-5, Cu~10, Fe-1000,
K-50, Mg-10, Mn-100, Na-30, P-25, U-5, Zn-5. The material was obtained
from a mine in southern Illinois and was reported to be amorphous, but
X-ray diffraction showed it was o quartz, as was also indicated by
solubilities measured in attempting to use it as a charge for our sat-
urator column. Some other characteristics for this, and the other
substrates used in the kinetic studies, are given in Table 1.

Monocrystalline o quartz - single crystal material consisting of
rounded grains ranging from 120 to 800 um across. Under the micro-
scope the material appeared appreciably cleaner and purer than the poly-
crystalline o quartz.

Porous Vycor -~ this is the same material as used in our saturator
column. It was ground and sieved (-140, +200 mesh) and is amorphous
silica containing about 3% B203 after leaching to give high porosity.

Powdered titanium metal powder - (-50, +100 mesh) and reported to
be 99.7%Z Ti by the supplier.

Thoria microspheres - 210 to 240 um spheres of very pure poly-

crystalline thorium oxide prepared by the sol-gel process.
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Table 1. Some Characteristics of Substrates Used
' ' in Column Kinetic Studies
Surface '
: . . Area - Void Vol.
Substrate Morphology (m2/g) (cm3/g)
. Polycrystalline Aggregates 3.0 0.47
o quartz
Monocfystalline Single crystal -0,03 0.20
o quartz particles
Porous Vycor . Amorphous, porous 164.. -0.70
particles
Powdered Aggregates and 2.4 0.48
Ti metal single particles
Thoria . Small spheres v0.006 ’ 0.067
microspheres '

2.4 Column Preparation.

Initial silica deposition on the columns is very much .a function of

the characteristics of the substrate, particularly the original surface

area.

Thus, the porous Vycor with very high (164 mg/g) amorphous silica

' surface area ‘quickly reduced the silica concentration in the column

effluent to the equilibrium solubility at . the temperature of operation;

the materials with low area (0. 03 m /g) monocrystalline o quartz and the

thoria microspheres, . on the qther hand, removed very little silica during

early column.operation.

' The substrates with intermediete,areae,hpoly-

.crystalline o quartz and titanium powder, showed intermediate removal.

Homogeneous polymerization during overnight shutdowns, when thésé

‘occurred, may. have played a part but did not affect the results.

During the first few tens of hours of column operation, the removal

of silica by a column was quite erratic.

ing on conditions, all substrates were

After a time, however, depend-

"coated" with amorphous silica

and gave quite reproducible results which were comparable for the
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polycrystalline quartz, titanium metal powder and thoria microspheres.
The effluent SiO2 concentration during "coating" of a polycrystalline

o quartz column is shown in Fig. 5. During the first three days of
operation the results were erratic. However, after the substrate was
fully coated with amorpﬁous silica, reproducible results were obtained

as a function of residence time. At that stage, as shown in Fig. 6, the
relation between the silica removed by the column and residence time
became quite reproducible. Thus, on 3/21 (X) the results still scattered
considerably, but on 3/22 (0, 4) the results check satisfactorily. The
data at each of the three pHs are quite reproducible even though dupli-

cate runs were carried out on different days or with different length

columns.

2.5 Measurements and Calculations

The pH (negativeilogarithm of the hydrbgen ion molality) measure-
ments were based on standards containing 0.0l m HC1 in 1.1 and 4,1 m
NaCl and the hydroxide concentration was calculated using the known ion
product of water in NaCl solutions.24 Individual measurements are
accurate to about 0.05 log units for the 1.1 m solutions and ~ 0.1 log
units for the 4.1 m.

Silica was determined by a procedure developed from that described
by Grasshoff.25 Three stock solutions were used:

(a) 2 M (NH4)2504, pH 3.0

(b) 35.6 g (NH4)6M07024-4H20 per liter

(¢) 1.5m ClCHZCOOH, pH 3 with NH40H
These solutions were mixed in the volume proportions 5:2:2 for a, b, and
c and filtered. The mixture was added to 1 cm3 of the unknown in a 50
cm3 plastic volumetric flask and the color development measured at 390 nm
after 10 minutes. The mixture could be used during an eight hour day
but sometimes became hazy after standing overnight. The pH of the final
mixture was kept between 3.0 and 3.2. The silica concentration was cal-
culated from standards with 250 and 500 mg/kg H20 which were checked
daily. In those samples where some polymerization had taken place,
total silica was determined by digesting the 1 cm3 sample aliﬁuot with

an equal volume of 30% NaOH for several hours or overnight, and
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neutralizing the NaOH with 1 cm3 of concentrated HCl (with the volumetric
flask in an ice bath) just before adding the molybdate mixture. We.
estimate an overall analytical error of *10 mg/kg H20 as 8102.

The residence time in the columns was established by dividing the
column void volume by the measured flow rate in cm3/min.

The weighting factors used in least squares analyses were obtained
by assigning errors of (+10 mg/kg HzO) to each silica determination in

-1
the term (m - m_ ) .
- e
Surface areas were determined with a Digisorb 2500 Multigas Sur-

face Area Analyzer.
3. RESULTS

3.1 Silica_Concentration

Earlier studies of silica polymerization, wherein the molybdate
reactive silica was followed and where the number of reactive sites of
the polymerized silica was unknown, have found widely varying dependence
on the silica concentration. The most often cited observation has been
third order with respect to the;supgrsaturation concentration, i.e.,
‘the concentration of monomeric siliéic acid in the solution of interest
minus the equilibrium solubility of “amorphous silica in that solution;
however, orders ranging from O to 3 have been reported by various
/investigatorsg_17’26. Thus, the determination of the reaction order for
the deposition of silica from supersaturated Srinea was the first sub-~
‘ject investigated. 'l> -

First order dependence on supersaturation, (g;— ge), is not indica~
ted by the semi-log plots shown in Fig. 7. The values for m, were taken
from'solubility measurements by Marshall27 for amorphous silica in
sodium nitrate solutions at these temperatures. Highér orders (2 and 3)
were examined using the géﬁerél equéti6n described below. Dhta hére fit
with the‘infegratednform of the4following general ratggexpression (at

constant pH)

" (4)

AB
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which gives

1 : 1
—_— = + (n-1) k' t (5)

(m - me)

where n is the order with respect to the supersaturation for n > 1, m
‘'is the molal concentration of dissolved silica [Si(OH)4] in the column
effluent, m, is the equilibrium solubility of amorphous silica in the
salt solution at temperature, and t is the residence time in the column.
Second-order plots for three different pH values at 60°C are shown in
Fig. 8. The agreement factors for a number of runs are tabulated in
Table 2. While not uniquely so, the second order reaction is favored
by these data. Data for most column studies carried out are summarized
in Table 3. The apparent rate constants, k', were calculated using the
second order rate law in terms of silica concentration. Dependence on

the other parameters investigated is discussed below.

3.2/ Hydroxide Concentration

The rapid acceleration of silica polymerization with increasing pH
has been reported by a number of investigatorslo’ll’28’29. Silica
deposition has also shown similar behavior. Froﬁ the data of Table 3
for polycrystalline quartz and several pH values the specific rate

constant, k, was evaluated from the relationship

k' = kA [oH"]P | 3 - (6)

where A is the BET surface area of the coated material in cm2 per kg of
water in the voids of the column bed. The variation of k' approaches an
order of magnitude per pH unit and is éonsisfeﬁt'with the polymerization
data of Makrides et a1.9’10 The hydroxide ion concentration used in the
calculation of the specific rate constant in the last column of Table 3
was derived from the measured pH and the ién product of water in the
brine at the témpépatﬁre ofrghe’experimentg.AIhe:exponént or order of
the‘[OH_] tefmrin theJratéﬂexpr;séidh Qéé obtained from a least squares
f£it of data obtained with two columns at pH values of 5.25, 6.00, and
6.76. Both the rate consiéﬁtwénd thé ofdér for the.hﬁdroxide were
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", RESIDENCE TIME (void volume+ ml/min)
Fig. 8. Reciprocal.supersaturation concentrations vs residence time

as a function of brine pH. The linearity indicates
second-order dependence on the supersaturation.
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Table 2. Comparison of Least Square Fits for Second and Third

Qrder Reactions

Agreement
Factors
Column Temp. 2nd Order 3rd Order
Run No. ©No. Substrate pH " °C (n = 2) (n=3)
10 0T 1  Polycryst. 6.02 60 0.951*  1.038
Qtz. ,
" 1 " 6.76 " 0.919 0.901%
" " 5.25 " 1 0.975 0.903%
12 OT 1 " 5.25 " 1.382% 1.487
" 1 " 5.32 80 0.732% 1.161
" " 5.35 100 0.290% 0.893
1200 2 " 5.33 100 0.512% 0.957
" o 5.35 60 0.561% 0.636
" 4 Ti Powder 5.34 100 1.00 0.773%
12 OT 3  Polycryst. 5.96 . 60  0.845% 1,588
Qtz. ' :
" 3 " 0.719% 1.654

5.98

60-

% . o ..
The better fit of the two cases tested. The agreement factor is
defined by : 291/2
L w,(y,~y.)
ivYo “c’i
a(y) = N

-N
: S

where w, is the weighting factor and y -y 1is the difference in the
observed and calculated values. N_1s°th& number of observations and
Nv is the number of variables. : : : '
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Table 3. Column Studies of Deposition of Silica From Brines

Polycrystalline Quartz

- m, s c
Column [OH ]a [5i07] cm?/kg  Temp. k' d
Run No. pH mol/kg mol/kg of Hy0 °C kg/mol/min k
7 1 6.07 2.24E-7 .0085 2.22E-7 60 119. + 7.8 0.24
3 6.07 - 2.24E-7 .0087 2.80E~7 60  195. * 8.1 0.31
10 1 5.25 3.39E-8 .0088 3.40E-7 60 28.5 + 2.4 0.14
2 6.00 1.91E-7 .0088 4.69E-7 60 112, + 3.7 0.12
1 6.76 1.046E-6 .0094 3.40E-7¢ 60 300. #19.1 0.14
12 1 5.35 4.27E-8 .0127 0.64E~-7 60 7.2 + 0.2 0.16
2 5.33 3.63E-7 .0127 1.80E~7 100 94.1 + 3.5 0.17
3 5.98 1.82E-7 .0127 0.79E-7 60 42.9 + 1.0 0.28
13 1 6.00 1.91E-7 .0090 0.95E-7 =~ 60 37.2 £+ 2,5 0.15
2 6.00 1.91E-7 .0090 1.18E-7 60 21.1 £ 1.2 0.09
Porous Vycor
8 1 6.38 4.6E-7 .0085  94.2E-7 60 51.9 + 3.7 0.0015
2 6.69 9.3E-7 .0104  62.5E-7 60 46.5 + 2.8 0.0012
3 6.00 1.91E-7 .0126  54.9E-7 60 6.44% 0,28 0.0006
Monocrystalline Quartz
10 3 6.77 1.12E-6 .0096 0.11E-7 60 35.1 + 2.0 0.47
4 6.00 1.91E-7 .0088 0.074E-7 60 15.6 + 0,84 1.06
Titanium Powder
12 4 5.34 3.72E-7 .0127 1.11E-7 100 40.4 + 2,8 0.11
13 4 6.00 1.91E-7 .0090 8.19E-6 60 18.9 + 1.42 0.12
Thoria Microspheres
13 3 6.00 1.91E-7 .0090 5.68E-5 60 2.21+ 0.47 0.10

a[OH_] calculated from pH measurement and Qy.
bcm2 per kg of water in void volume.
cApparent rate constant - area and [OH ] included.

dSpecific rate constant (units omitted because of fractional power of hydroxide
concentration).

©This column was subsequently run at pH 5.25, but so little Si0, was added it
was deemed appropriate to use the final area for this run too.
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allowed to vary in obtaining the value of 0.70 * 0.16 for p.

3.3 Surface Area

The surface area of the substrate is, of course, a significant
factor in the reaction rate. The area to be considered, however, is
that which was present after the original substrate was coated as
described previously. We have used the BET surface,areas determined
by nitrogen or krypton adsorption afterjdrying the column material at
125°C under vacuum. It was determined by experiment that the area was
independent of the drying temperature from 25° to 500°C. Note that the

differences in density of substrates do not enter the rate considerations

~ since the total area of the column is used.

- The results for polycrystalline quartz, titanium powder and initially

thoria microspheres were remarkably consistent when the surface area was

~taken into account. The rate constants computed‘for porous Vycor were

much too -low compared to these materials and suggest that large amounts

of the internal area is unavailable for.silica-deposition. We have no

' ready7explanation'for the somewhat higher rate constants shown in Table 3

irfor .the monocrystalline quartz.

During the temperature studies (see below), which used ThO2 micro-
spheres as the 1initial substrate, it became evident that the surface

~ areas. -of- the coated spheres were below the range for measurement with the

techniques used.. However, scanning electron microscope examination of

k the,coated‘spheresAshOWed the coating approximated covering the original

surface withzmany*Small henispheres'(Fig. 9) which would double the

original area; The original‘microspheres (225 15 um dia) had a cal-

o culated area of 27 cm” /g, s0 50 cm /g was chosen for the coated area.

A calibration run in 1 m NaCl at 60 c produced a specific rate constant
of 0.13 in agreement with previous data for those conditions, thereby

" giving support for the choice. BET areas which ‘were measured also

scattered randomly about the 50 cm /g value.

- An interesting sidelight was .a run conducted with coated ThO2 which
had been dried at 125°C under vacuum and carried through the surface area
analysis procedure. A,k value of 0.18 was obtained for this material

in spite of this treatment and with no prior re-conditioning.
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ORIGINAL ThO, MICROSPHERES AFTER COATING WITH AMORPHOUS SILICA

Fig. 9. Thoria microspheres before and after coating with amorphous
silica.
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3.4 Temperature
The data in Table 4 show no effect of temperature (60° to 100°C) when

resultant changes in hydroxide ion concentration are taken into account.
However, it was noted that when the temperature was changed it took
several hours of operation to '"condition" the column before the second
order dependence on silica concentration was again observed.

A second series was rﬁn whi¢h gave similar results. Initial column
operation at the higher temperature gave scattered results; however, sub-
sequent operations resulted in feasohable second order dependence on
silica supersatu:ation.:,The'rate constants calculated as for the pre-
vious studies with cbrrectioﬁs for temperature effects on the ionization
constant for water are consistent with those obtained previously.

Within our limits of error, no temperature effect is indicated (at
constant hydroxide concéntration). However, the polymerization reaction
has been reported10 to show little or nordepéndence on temperature at
constant pH. The necessity}for reconditioning the column suggests the
detailed deposition mechanism is changing with temperature. On one
occasion a column which had been run at increasing temperatures 6080+
100°C was subsequently run again at 60°C. The second order silica con-
centration dependence was maintained and the rate constant fell within

the range of previous values obtained at 60°C (0.16).

3.5 Sodium Chloride Concentration

Results of a brief survey of the effect of sodium chloride concen-

tration are summarized in Table 5. The runs were made with the coated

polycrystalline quartz so that surface areas could be precisely mea-

sured. Decreasing the salt concentration to 0.086 m reduces the rate

by only a fadtor of two compared to 1 m, but raising the salt concentration
to 4 m increased the rate by a factor of 20. Another run at 4 m with
the coated thoria microspheres gave a value of 6.2 for the rate constant
but a subsequent run at 1 m NaCl suggestedbthe‘area in this case may
have been sufficiently'higher than the assuméd 50 cmzlg. Time did not
permit further investigations of salinity and temperature effects as the
program had been terminated as of the end of FY 1978.



Table 4. Effect of Temperature on Second Order Rate Constant for

Silica Deposition from 1 m NaCl, 0.1 m NaAc, 0.0l m NaHCO3;
ThO2 Microsphere Substrate
Temperature pH Area/kg Z.0.7
2 k' H,O0 in Voids [oH 17° k
(°C) HC1 std. 23°C, NBS kgér{oll cm2b
n

60 7.85 8.04 50.8 7.47E + 5 5.21E— 4 0.13
80 7.65 7.87 62.1 7.47E + 5 6.73E — 4 0,095
100 7.70 7.94 69.4 7.47E + 5 1.89E — 3 0.049
120 7.71 7.96 80.8 7.47E + 5 2.08E —3 0.031

aUsing 1.1 m NaCl + 0.02 m HC1l as reference.
50 cmz/g, see text.

e



Table 5. Effect of Sodium Chloride Concentration on Specific
o ' Rate Constant for:Silica Deposition at 60°C

[Nacl1] [NaAe] (F ] . , -,0.7

m . .. m mg/kg HC1l std.“* 23°C, NBS kg/ltzol/ HZO ;n Voids [o ] k

~ ‘ ' “min (cm“/kg)

0.086 0.1 -~ — 6.00 - 5.98 48.3 3.25E + 7 1.80E — 5 0.083
0.086 0.1 - 5.92 5.90 43.5 4.05E + 7 1.58E — 5 0.067
0.086 0.1 25 = 5.% 5.92 46.6 4.05 E + 7 1.63E — 5 0.071
1.0 0.1 - 6.00 5.98 112 4.69E + 7 5.51E — 5 0.12
4.0 0.1 - 4.70 6.05 86 3.25E + 7 1.08E — 6 2.45

apH at temperature with 0.0l m HC1l in the presence of the medium salt as the reference.

174
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3.6 Fluoride Ion Catalysis

Makrides gg_gl.lo observed substantial increases in silica polymeri-
zation rates with the addition of small amounts of (20 to 100 mg/kg)
fluoride ion at pH 4.5. At the end of the low salinity runs (pH 5.94),
25 mg/kg of fluoride ion was added to the brine but no change in the
deposition rate was observed - see Table 5. Similar negative results

were reported by Weres et al.30 above pH 5.
4. EMPIRICAL RATE EQUATION

The empirical rate equation which describes our data in 1 m NaCl

in the pH range 5-8 and temperatures from 60-120°C is

d[Si(OH)a]

_ 2 ~-.0.7
-4 - 0.12A ([Si(OH)4] - [Si(OH)Aqu) [OH ] (7)

where A is the surface area in cm2 SiO2 per kg of water in column voids,
t is in minutes, and the concentrations are in molal units. Hydroxide
concentration was derived from the measured pH and the ionization quo-
tient for water. In the expression given above the rate constant is
essentially independent of temperature over the range 60-120°C. Alter-
natively the rate of linear growth of an amorphous silica surface in

cm/min is given by

- 3.1 ([siCom),] - [si(on)416q>2 rou 197 (8)

The effect of salinity on the rate was not included because of the

limited data and the apparent complexity of the dependence.
5. DISCUSSION

Many investigators have found that the polymerization of silica
from supersaturated brines is substantially enhanced as the supersatura-
tion, pH, and salinity are increased. The same parameters might be

expected to have importance in the deposition of amorphous silica
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scales from supersaturated brines. Additional constituents which have
been discussed are fluoride,10 sulfides,31 and other mineral species
found in silica scales.32 Our studies, consistent with other observa-
tions, have shown that hydrodynamics also plays a significant role,
- 28

e.g., valves are more prone to scale than pipe runs.

Early concerns of these column studies addressed the questions:

Whichvspecies are involved in the deposition reaction?

Is the process under diffusion or interface reaction control?

5.1 Identity of 'the Depositing Species

The first of these questions was addressed-byvcénducting the experi-
ments described apove,iﬁ which only monomerid siliCiC'acid (rapid molyb-
date reaction speéies) was present in the input solﬁtidn under conditions
where no significant polymerizatién.occurred during the'residence time
on the column.  We found that under variouS'conditidns ﬁbre than half
of the silica was deposited directly from the’mdnomer solution. In
other experimgnts we examined the/feiativé deposition,qf'monomeric
silica and polymerized silica from the same solﬁﬁionv(see Figs.2 and3).
Again, the monomeric'speciés’Was shown to be depositing while there was
little or no tendency for deposition of the previously polymerized
silica. Interestingly, the deposited material often occurs as inter-
laced spheroids which are‘well cemented by a fiﬁe matrix as shown in
Fig. 10.32 L o

5.2 Deposition Rafe Control
There are ﬁhree kinds of evidence that the'dépoéition process is

not diffusién (in the 1iquid phase) controlled: :(1) the slow equili-
bration raté‘inaa packed bed, (2) the independence of silica deposition
on flow rate»ih‘élpaéked bed, and (3) the dependence of the rate on
hydroxide coﬁcentration. | ' _

In applying the first of thesebcriteria the equilibfétion time
expected ‘in a statioﬁary liquid phase in a packed column was estimated

using the method of Kraus et'al.33

v < (&2/D) [-0.05 - 0.233 log 8] . (9)
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Silica Scale Formed on Pyrex Pipe if' Once=-Through System
-Run No. 1
Conditions: 0.1 M NoAc, 1 M NoCl, pH 6, 725 ppm, SiO; (seedec

Deposition Temperature, 56°C - 28,000X

Fig. 10. Spheroidal cluster morphology of amorphous silica deposits
from supersaturated brine.
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Assuming R ~ 0.005 cm, D ~ 107 cmz/sec and A (the complement of the
fractional attainment of equilibrium, e.g., 0.01 for 99% of equilibria),
the value of t is less than 1 sec for A of 0.01 or 0.05 sec for A of
0.5.. Of course, in a flowing system one would expect lower equilibra-
tion times than estimated by equation (9) because of the thinner diffu-
sion layer. 1In all our experiments equilibration times were much greater
(> 104 times) than the values estimated above.

In a flowing system the diffusion film thickness is related to the
flow rate, yet we observed no dependence of the equilibration time or
silica removal“onrflow rate when the residence time was kept constant
by changing the column ‘length.

The dependence of the kinetics on hydroxide concentration, to be

discussed later, also shows that the process is reaction limited.

5.3 Mechanism'of Deposition

Although it ‘has been demonstrated by this work that monomeric
silica will deposit directly without previous polymerization, little
mechanistic detail can be deduced from the observed crystal-growth
kinetics showing greater than first-order dependence on the super—
saturation concentration Since our data were best fit with an order
of 0.7 = 0. 16 for the hydroxide concentration, the predominant process
can reasonably be thought of as hydroxide catalyzed.: In the case where
m approaches Ee’ the observed kinetics is consistent with the following
simple processes:

' 51(03)4(aq) +'.‘-Q'H’ P 51(0H)3' + uzol,_ T . (10)

0+ O0H (a1

S1(OH) 4(aq) + _«.SiO(OH) 3' % 510, (am) + 3H,

where the first ‘is the simple ionization equilibrium and the second is

a bimolecular step in which the catalyst ‘hydroxide ion, is regenerated.

This process leads ‘to - a rate 1aw of the form’

- 37 = k@ - m.%) [og] a2
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which approaches the observed dependence on supersaturation as m
approaches m,.

The pH or hydroxide dependence suggests the participation of the
silicate species as was also‘suggested by Makrides et al.lO for the

'polymerizationbstudies.

5.4 Applications

"With equations (7-8) one can estimate silica deposition rates on
previously coated surfaces,  Figure 11 illustrates that a maximum rate
is observed at constant pH (6) as the temperature increases; this
results from the opposing effects of rapid increase in hydroxide con-

centration (from the changing ion product for water) and the decreasing
vsupersaturation. -The position of the maximum also increases sharply
and shifts toward higher temperatures aé the silica concentration in-
creases. The model represents the condition where short residence
times are considered and homogeneous nucleation is‘not'a competing
process. By incorporation of the model for homogeneous nucleation and
kinetic behavior at the early stages of polymefization presented by
Makrides gg_él.,lo one could possibly model more complex real systems.
However, many details such as heterogeneoue nucleation behavior, and the
specific effects of partially covered substrates and hydrodyhamics on
growth ratee are not known. The rate of change of specific area of
_the coated deposit with deposition and the relationship between the
surface area of the deposit and the surface area of the substrate are
also unknown at this time.

With the possibility of prolonged contact with natural silicates
and silica, one would predict rapid plugging of underground formations;
a principal concern regarding the reinjection of waste geothermal brines.
From the kinetics reported here we calculate that the linear growth
rate of a surface at pH of 7 at 100°C and supersaturation of 0.006
(360 mg/kg) is 0.6 um per day. Such rates will reduce porosity in
the vicinity of the reinjection and likely lead to plugging in short

times. This result is consistent with the recent field experience.34
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