








































































































The Occidental proposal seems well founded. However, the geothermal
group at Lawrence Livermore Laboratory has already initiated a scale study
program which is similar in many respects to the Occidental proposal, but
some important aspects of the Occidental proposal are not covered by the LLL
research program. Although the Occidental program is designed primarily
for medium salinity brines such as those of the lower Imperial Valley,
their intention was to make the proposal general enough so that it would

also be applicable to the high~temperature, hypersaline brines.

A Recommended Research Program in Geothermal Chemistry66

"A Recommended Research Program in Geothermal Chemistry' was the
result of an ad hoc meeting of academic and government laboratory researchers
in June 1975, held at the Lawrence Berkeley Laboratory. Their task was to
discuss the problems which hinder geothermal exploitation and to recommend
a program for acquisition of chemical data and knowledge that would help
‘solve some of the technical problems. Their report is not intended for a
specific geothermal area or a specific set of developmental problems. The
recommended program has a fundamental scientific framework designed to

accumulate basic chemical data and to facilitate a better understanding of

geothermal processes,

Five general areas were designated for concentrated study. Thése
were: first, thermodynamic and physical properties of geothermal solutions,
minerals and metals; second, kinetics of chemical reactions and deposition;
third, collection, evaluation and dissemination of physical and chemical
data; fourth, matural systems and rock-water interactions; fifth, theoret-
ical modeling of geothermal systems. The recommended research'program
would require the efforts of many scientists, but offers no guarantee that
any of the technological problems would be solved in an engineering sense.
The proposed research program is not designed to provide for the quickest
practical solution to problems of corrosion, scaling, environmental hazards,

mineral extraction, or resource evaluation and exploration.
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Some of the more important and practical recommendations of the
group will be listed. 1In the category of kinetics they recommend the
following: a detailed study of the kinetics of polymerization of monomeric
silica; a search for additives to inhibit nucleation and crystal growth; a
study of the effect of crystal seeding to circumvent the nucleation step
and accelerate crystal growth; a study of howbtha shape and composition of
equipment surfaces affects the attachment of a solid. 1In the category of
analytical chemistry, they recommend the use of neutron activation, X-ray
fluorescence, Zeeman~effect atomic azbsorption, and emission spectroscopy
to determine elemental concentrations in brines and evaporites. And,
finally, in the category of theoretical modeling of geothermal systems,
they strongly recommend a computer modeling program, similar to Helgeson's
PATHCAL, to predict the various chemical interactions that could occcur

given an empirically determined analysis of elemental constituents.

The net effect of this recommended program was to outline suitable
areas of academic research that would complement an on-going development
program, bult would probably do little to promote rapid utilization of

geothermal resources in the Salton Sea KGRA.
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VI Silica Chemistry Review

The major deterrent to commercial exploitation of the Salton Sea
brine is definitely the problem of silica scaling, thus it is appropriate
to review some aspects of basic gilica chemistry. Following this review of
classical silica chemistry, some current research and potential silica

scaling control methods will be summarized.

Chemistry Background

The crust of the earth consists primarily of metal silicates. Silicon
and oxygen account for approximately 75 percent of the earth's crust. These
two elements and the six next most abundant elements (0-~46.60%, 5i~27.27%,
Al-8.13%, Fe-5.00%, Ca-3.63%, Na-2.83%, K-2.59%, Mg-2.09%)%7 are usualiy
found in the form of silicates. Elemental silicon reacts with oxygen at
high temperatures to form silicon dioxide, SiOz, or as it is more commonly
known, silica. Silica exists as a three~dimensional network solid of enor—
mous stability. In nature, silica exhibits a variety of polymorphic crys-
talline forms and amcrphous modifications. In cristobalite, a high-tempera-
ture form of silica, the silicon atoms are arranged similarly to carbon
atoms in diamond, except that oxygen atoms lie midway between them. Quartz,
which is a slight modification of cristobélita, ig the most familiar form

of sgilica.

The basic structural unit of most silicate minerals is the SiO4 tetra-
hedron. Silica tetrahedra camn occur singly, or by sharing oxygen corners
they can occur in small groups, in c¢yclic groups, in infinite chains or in
infinite sheets.68 Amorphous silica found in natural deposits can range
from soft hydrated gels to a hard, dense form of SiO2 known as opal. Opal-
ine silica occurs mainly in skeletal components of planktonic organisms and
spohges, but it is found in deposits around hot springs and geysers. Opal
is a disordered form of silica consisting of an aggregate of submicroscopic
crystallites of cristobalite with intercrystalline water. Water content
ranges from 3 to 10 percent. Dissolved silica below pH 9 is present inb

solution only as monomeric silicic acid.

810, +~2H20 % H4Si04(aq} (8)
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Above pH 9, H4S:LO4 dissociates to give H35104 and H281O4 .

H,$10, ¥ }135104" +ut ' (9)
H,510, § H,810,” + H' | (10)

In the geothermal brines of the Salton Sea KGRA, H48i04 should be the only
silica species in solution, but when the brines become supersaturated silicic
acid polymerizes with the elimination of water to form disilicic acid,
H681207. Additional monomers can be added with the elimination of water

to give polysilicic acids. A general equation for polymerization can be

written as

n Si(OH)é 5 (SJ‘.OZ)n + ZnHZO (11)

Polymerization involves the condensation of silanol groups (SiOH) to form
siloxane bonds (SinwSi).l7 Continued siloxane bond formation in three
dimensions results in the formation of a colloidal silica particle, 1In
concentrated solutions, the colloidal particles will aggregate to form a
strong, firm gel, and in dilute solutions the particles will aggregate to

form a weak gel or precipitate.

The solubility of amorphous silica and quartz has been studied ex-

. 11,71 . .
tensively, »7 A summary of the results of numerous investigators are

presented in papers by Krauskopf7l and Fournier and Rowe.ll The concen~-
tration of dissolved silica was determined in each case by a colorimetric~
ammonium molybdate method,72’73 The solubility of amorphous silica is
significantly higher than that of quartz, but both exhibit similar tempera-
ture dependencies. Gecothermal brines are formed from hot water in equilib-
rium with various mineral silicates and the quartz which is released dis~
solves to give H48104.12’74 The H[}SiO43 quartz equilibrium is the basis

of a chemical method for estimating downhole temperatures. It is assumed
that the brine reaches the surface by an adiabatic isoenthalpic expansion
of the original high-temperature water to a water and steam mixture. Con-

sequently, the concentration of dissolved silica at the surface will be
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indicative of the temperature of the last equilibrium of the solution with

quartz. This method is based on the metastability of a supersaturated

silica solution.

A silica soluticn can be prepared by adding reagent grade sodium
silicate to distilled water. A clear solution with a relatively high pH
results because of hydrolysis of the silicate to form HASiOA‘ If this
spolution is allowed to stand, an opaque precipitate will form within a
rday. Monomeric silica condenses slowly st room temperature to form poly-
meric and colloidal silica. Above pH 9, the solubilitcy of silica increases
significantiy 11,75 as orthosilicic acid dissociates, Acidification of a
sodium silicate solution will result in the formation of celloidal silica
followed by further Condensation to form an extensive gelatinous mags of
silica. The gelatination of colloidal silica involves no noticeable thermal
effect¢17 Gel formation cccurs when colloidal particles coalesce with the
formation of siloxane crogs~linkages. During this process water intrudes
into micelles and an increase in viscosity results. As the gel ages, further
cross~linkage occurs and some of the water is expelled. Eventually the gel
hardens trapping some water. The hardened gel is known as opaline silica.
If strong flocculating agents such as Fe=3 or Al+3 are present in a colloidal
silica suspension, the particles will aggregate and form a precipitate
instead of a gel. The OH groups on the surface of colloidal silica are
weakly acidic. The dissociation of -Si0H to give ~Si0 results in a nega-
tively charged particle. When positively charged colloids such as A1203
or Fe203 are mixed with silica sols, the negatively charged silica sols
are adsorbed. Iventually, the mixture passes through an isoelectric range

in which coagulation or precipitation readilly occurs.

The precipitation of silica from a supersaturated solution in the

absence of catalytic influences can take several days or even weeks to
reach equilibrium at 25,0°C.7l Geothermal brines saturated with silica

can flow from a well clear, but, after standing at ambient conditions for
a few hours, silica sols will form and eventually precipitate. The rate

of gel formation is & strong function of pH, Gelling is decelerated at
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low or high pH with maximum rates occurring in the pH range 4—7.17 Dis~
solved electrolytes increase the rate of polymerization and coagulation
of silica. Also, higher levels of initial supersaturation result in a

faster precipitation to reach an equilibrium value,

General Silica References

Basic reference sources for background information on silica are

the books of Iler,l7 Vail76 and Eitel.7z Iler and Eitel are basic acadenic

reference sources which depend heavily on the literature available before
the date of publication. Vail's book is a two-volume compendium covering
both the chemistry and the industrial uses of soluble silicates, A com-
prehensive bibliography of the experimental literature on silicate solubil-
ities and reactions can be found in the Office of Saline Water Progress
Report No. 307.78 This report contains short discussions and annotated
bibliographies of papers covering the topics of analytical chemistry of
silicates, of diagenesis and weathering, of hydrothermal reactions, of

acid-base properties, and of corrosion prevention.

Current Research on Silica in Geothermal Systems

Research on silica systems is currently being carried out at Pennsyl-
vania State University by H. L. Barnes and co-workers., They are studying
the kinetics of dissolution and precipitation of silica, arnd investigating
the effect of surface energy, temperature and ionic strength on silica
scaling. They have concluded the high ionic strength and high TDS will
lower the equilibrium concentration of quartz in a brine systém. However,
their calculations of quartz solubility curves as a function of the activity
of %ater are not consistent with experimental results of Hitahara ~ or with
results of Lawrence Livermore Laboratory experiments on Sinclair #4.33 In
addition to solubility measurements, Barnes and co-workers are experimenting
with ammonia injection to control pH and with sodium addition to compex the
silica. They have concluded that silica precipitation cannot be prevented,

but that it should be possible to control where precipitation will occur.
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The first ionization conétant of silicic acid has been redetermined
8 .
recently by Seward 0 for solutions up to 350°C. At 130°C, pKal for

H,510, * HSi0,” + n' is 8.88 and at 350°C pa, = 10.06. The only spe-

cies detected in a silica solution obtained from quartz were Hésioa, H3Si04_,

and NaH,S$i0,. The stability constant, B, for ion pair formation between

3 4
Na© and HBSiO4 ranged from 101'18 to 101'40 for the temperature range

135-301°C. Analysis for soluble silica was performed by atomic absorption

spectrophotometry.

Silica Scale Control - In Practice

Silica scaling from the discharge waters of the Wairakei geothermal
field has been studied extensively by Mahon, gg_ﬁlf,gl and results 6f ex—-
periments on the removal of silica and arsenic by precipitation as useful
calcium silicates has recently been published by Rothbaum and Anderton.

They have successfully treated the silica-laden discharge waters on Wairakei
with slaked lime to produce a flocculant precipitate which consists primarily
of hydrated calcium silicate. If arsenic has been pre~oxidized to the pen-
tavalent state, it will co-precipitate with silica. The hydrated calcium
silicate gel is separated in settling tanks. The cost of this chemical
treatment process is approximately $20,000 per annum, which is the same
figure that was expended previously for mechanically cleaning the discharge

drains.

Yanagase, gE_gl.gB have described a detailed series of experiments
on silica deposition at the Otake geothermal field in Japan. ' Experiments
were initiated after a discharge pipe was blocked by silica deposits.
Using a light scattering photometer, they were able to show that the growth
of silica particles started five minutes after emergence from the well and
continued for approximately an hour. To control silica deposition they
built a retention tank with a series of baffles. The discharge brines
are flowed through the tank for an hour to prevent adhesion of colloidal
silica. Some scale deposits on the inside walls of the retention cells
near the entrance of the tank, but there is no evidence of scale deposition

in the discharge pipes. Apparently, a non-adhesive colloidal silica is
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formed during this treatment, and filtering of these particles is not
necessary. It has also been shown that agitation of hot water can re-

duce scale adhesion. Similar methods are béing employed at Ahuachapan~1
in San Salvador to prevent silica deposition in a disposal culvert.14
The silica concentration is 650 ppm at 95°C.

8 s
Ozawa and Fujii 4 have reported that sgilica scale was successfully
removed from a wellhead in the Matsukawa filed by allowing the scale to
react with concentrated NaOH, The scale was completely removed in 30

minutes, although it was necessary to maintain high temperature and pres~

sure.
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VII Recommended Research Program

On the basis of the information presented in the preceding sections
and considering the consensus opinion of many geothermal experts, it is
now poséible to recommend a preferred program of brine chemistry research,
Any reasonable program will be designed to provide an understanding of the
scaling and corrosion phenomenon and through this understanding develop
methods or select materials that will minimize these problems. Where one
proposed program will differ from another is in the approach to solving
these problems. There appear to be three separate approaches to solving
problems related to the chemical nature of the brines. They are: first,

a trial and error engineering approach using a demonstration plant to
identify the actual problems of operation before designing and testing
specific solutions; second, a program coordinating on~site development

and laboratory research in the potential problem areas, such as the kinet-
ics of silica polymerization, colloid formation, aggregation and deposition;
third, a program of research using synthetic brines under controlled labo-
ratory conditions to isolate and study factors affecting corrosion and
scaling and to develop suitable theoretical wodels that would be applicable
to more than one situation. If the goal of government funding agencies

is gimply to promote the most rapid development of geothermal resources

in the Salton Sea KGRA, then the trial and error engineering approach is

the preferred course of research. In this case, funds should be devoted

to demonstration-type grants for pilot plant development and operation.

An example of the engineering approach is the work of the Ben Holt
Company for San Diego Gas and Electric on the Magmamaex site. Initially
an experimental binary cycle process was put on~line, but operation was
curtailed because of excessive scale deposition on heat exchanger surfaces.
After considering the nature of the problem, the system was redesigned
and a steam scrubber was added. This addition effectively eliminated the
scaling problem and the results were so encouraging that a 10 MW binary
heat exchange loop ig currently under construction. The Ben Holt Company
is optimistic‘about future success, and they see little need for a compre-

hensive brine chemistry program in order to successfully generate power
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on a long-term basis. Another approach has been endorsed enthusiastically
by H. C. Helgeson22 and R. O. Fournier85 as the only economical and re-
alistic way to solve the problems of scaling and corrosion. Helgeson has
based his opinion on his own personal experience with the Shell Develop-
ment Company wells, I.I.D. #2 and State #1. He recommends construction

of an acutal pilot plant operation and then carefully documenting the
nature and location of scaling and corrosion. After isolating the problems,
suitable control techniques can be devised. An applied engineering program
should also include a rigorous logging of well characteristics and repeated
chemical analyses of the brines, so that scaling and corrosion data can be
correlated with any changes in brine composition or flow characteristics,
One task that is also necessary in this regard is the development of reliable
sampling and sample storage techniques. If a concurrent program of mineral
extraction is feasible, one problem of brine treatment before reinjection

may also be solved.

The.U.S. Bureau of Mines is currently conducting a corrosion research
program using commercially available materials. Any future program could
use their results as a basis for selecting construction materials at a
particular site. Research directed toward identification of corrosion-
resistant materials should be continued on a new pilot plant site. Cor-

rosion research is inherently a trial and error process.

The second approcach to brine chemistry research is being followed

- by Lawrence Livermore Laboratory (LLL). They are attempting to integrate
field studies with laboratory investigations, and this is probably the most
scientifically satisfying program, incorporating both fundamental engineering
and brine research. It would be difficult at this‘stage_to offer any posi-

tive suggestions for an improved program.

Occidental Research Corporation proposes a similar integrated research
Program with subtle differences. Occidental, along with LLL, emphasizes
the need to study the kinetics of scale deposition in a rigorous fashion.
A novel aspect of the Occidental proposal is the modular system of chemical
reactors that would simulate various process conditions and would facili-

tate an on-line kinetic study. TIdeally, both Occidental and LLL should be
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funded, even though their approaches and philosophy are similar. Results
bobtained from a particular well site may not be applicable to another site
within the Salton Sea KGRA. It would be scientifically wise to have two
groups working on similar problems, because the potential interaction and
exchange of ideas that would result would in the long rum make the entire

geothermal program stronger.

The third approach to scaling and corrosion studies is exemplified
by the AEC Report, "A Recommended Research Program in Geothermal Chenistry."
This program of research outlines suitable areas for university or for
government laboratories without gerious time limitations. Many of the
suggested research topics are of fundamental importance in an academic
sense, and many of these projects should be funded through an agency such
- as the NSF. None of the suggested projects are critical for actual utili-

zation of geothermal resources in the Salton Sea KGRA.

To choose a preferred research approach, the goal must be clearly
defined. If the sole goal is to accelerate the commercial development of
the Salton Sea KGRA, the research can be limited to the engineering approach
typified by the San Diego Gas and Electric proposal, If, however, more
generally applicable results are sought, the integrated approach, as typi-
fied by the LLL and Occidental proposals, is preferred,* provided that the
level of funding is sufficient for a thorough study. Demonstration grénts
should be awarded for field test facilities development and study, and they
should not be restricted to only one well site or scientific group., After
the facilitdies are built and put into operation, they should be used as
chemical reactors to study the rates of scaling and corrosion. Once the
system has been carefully characterized and analytical data collected, ex-
periments should be devised to control any problems due to scaling or

corrosion. Chemical analyses of the brine composition should be performed

#The SCE approach is intermediate between the SDG&E and the LLL~Occidental
approach. '
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in a rigorous, careful and precise fashion using the best equipment avail-
able. Sampling techniques should be improved. and standardized so that
comparative aﬁalyses are meaningful. Any kinetic experiments should be
carried out using real process brines because of the difficulty of pre-
paring suitable synthetic brines and because minor trace elements may

play a significant role. Determination of brine enthalples is of funda-
mental and practical importance and should be a primary objective even of

the engineering approach.
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