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POLYMERIZATION KINETICS AND EQUILIBRIA OF SILICIC ACID 
IN AQUEOUS SYSTEMS 

Allyn R. Marsh III, 1 Gerhard Klein2 and Theodore Vermeulen3 

Abstract 

The polymerization of silicic acid, or dissolved silica, is 

beli¢ved to have a major effect in the deposition of silica scale from 

geothermal brines. In this research, significant properties of silica 

in aqueous solution have been reviewed, and equilibrium concentrations 

and polymerization rates at 25°C have been mea~ured for total Si02 
concentrations from 350 to 900 ppm and pH's from 4 to 10. The results 

indicate that polymerization proceeds by a reaction between neutral 

and ionized silicic acid molecules and is strongly dependent on pH. 

The acid strength of polymeric silicic acids increases significantly 

with molecular weight, producing autocatalysis of the polymerization 

process by increasing the amount of ionized acid at any given pH. 

Polymerization occurs fastest when there are equal concentrations of 

neutral and ionic species. 

A comprehensive view of silicic acid behavior has been developed 

which clarifies many. previous observations and interpretations. Pre-

1 iminary conclusions are drawn on the mechanisms of sea 1 e fonnation 

and factors affecting its rate of growth. Monosilicic acid is found 

to establish a solubility equilibrium with polymeric and colloidal 

silica, independent of pH, equal to 0.0015 M (or 90 ppm Si02) at 25°C. 

Low-molecular-weight silicic acid polymers exhibit rapidly diminishing 

equilibrium solubilities; for example, [Dimer]t[Monomer] 2 = 94 M-.1. 



i i 

In addition, the standard colorimetric technique for silica· 

detenmination, which has been widely misinterpreted in the past, is 

extensively examined and its limitations defined. 
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Chapter 1 

INTRODUCTION 

Geothermal Energy· Resources 

With the increasing demand for electrical energy production 

and rapidly diminishing supplies of fuels, the need for the develop

ment of alternate energy resources has become critical. Geothermal . 

1 

energy represents one such alternate resource which appears attractive 

from both economic and environmental standpoints, and has the poten

tial in certain geographical areas to alleviate the burden of fossil 

fuels for electrical energy production. As former Secretary of the 

Interior Rogers Morton has stated, 11 In this time of critically high 

energy requirements, the vario'us fuels are not alternatives to each 

other. We need them all, including geothermal .. {S4}. 

The development of geothermal energy is not without its tech

nological problems. Foremost among these are the management of geo

thermal brines containing high levels of dissolved solids, and the 

prevention of equipment fouling due to scale deposits. The objective 

of the present study on the polymerization of silicic acid is to 

understand the mechanism and rate by which dissolved silica in geo

thermal brines is apt to precipitate 'and scale out. However, before 

proceeding to this topic, a brief background into the development of 

geothermal energy should prove interesting to the reader and should 

identify the groundwork from which this research has sprung. 

The presently installed electrical generating capacity deriving 

energy from geothermal sources is only 1000 megawatts, roughly a 
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quarter of one percent of the world's total installed capacity (A9 

and C4). Yet the potential of undeveloped geothermal resources is 

vast. The U. S. Geological Survey 11 has outlined nearly 1,800,000 

acres within the Western United States and Alaska that are potentially 

valuable for geothermal energy development, and that may contain an 

energy source estimated in the range of 15 to 30 thousand megawatts" 

(G7). (Equivalent electrical capacity represents 10 to 15 percent of 

this resource figure due to theoretical and practical generatin·g effi

ciencies.) In 1965 White estimated the world's potential heat energy 

recoverable. from resources up to three kilometers in depth to be 23 x 

1012 kWh on the basis of equivalent producible electrical energy (t19). 

This figure represents approximately 15 times the U. S. electrical 

·energy consumption in 1970, or 1.5 times the world's total energy 

consumption in 1970 (C4). 

Rex has estimated that utilization of between one to three per

cent of the hot water beneath California's Imperial Valley could pro-

duce as much ele.ctricity as was consumed in the entire U. S. in 1970 

(A9). The estimates of potential resources by other experts have 

di.ffered by many orders of magnitude (M9). However, the one fact that 

most experts agree on is that geothermal energy represents a viably 

recoverable alternate resource, one that .can make a significant con-

tribution to the world's energy supply. 

Geothermal systems can be classified into several categories. 

Vapor-dominated systems, dS their name implies, give a well-head pro-

duct which is predominately steam and thus ideal for power production. 

Except for the possibility of relatively high levels of noncondensib1e 

gases such as co2 and H2S, which decrease condenser efficiency and 
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present an environmental hazard (from the standpoint of H2S emission}, 

11 pure 11 steam systems contain only low levels of dissolved and 

entrained solids and thus present relatively minor scale problems. 

Operating facilities at The Geysers in California and Lardarello in 

Italy are examples of vapor-dominated systems. It is no wonder that 

these clean sources were among the first geothermal areas developed. 

Wells at Lardarello were first used in 1904 and are currently produc

ing at a rate of 400 MW. Pacific Gas and Electric Company began the 

·first commercially operating geothermal power plant in the U. S. at 

The Geysers in. 1960 with 12.5 MW of capacity. The present capacity is 

over 300 MW, with 700 MW projected by the end of 1976 (S4). Japan has 

a 20 MW plant utilizing a vapor-dominated system at Matsukawa in 

Northeast Honshu,which has a projected capacity of 200 MW (G8). 

Whereas vapor-dominated systems represent the optimum choice for 

power plant utilization, only one in twenty known geothermal systems 

produces solely steam (M9). Far more abundant are liquid-dominated 

systems which provide a two-phase mixture at the well head, typically 

containing only 15 to 30 percent (by weight) steam. Operating geo

thermal plants in New Zealand (200 MW) and Cerro Prieto, Mexico (75 

MW) utilize only steam from liquid-dominated systems (M9). The Cerro 

Prieto plant collects steam from a 1 sq km area containing approxi

mately 15 wells. The average yield from each well is approximately 

500,000 lb/hr of a two-phase mixture containing approximately 25% 

steam at 400°F and 160 psig. The residual brine contains approxi

mately 17,000 ppm (parts per million) total dissolved solids (M9). 

A third type of geothermal system is characterized by a region 

of hot rock relatively close to the surface but without any natural 
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water source. By injecting water into such a dry formation and remov

ing it from other connected locations, it is hoped that an artificial 

reservoir can be produced which will yield hot water. The formation 

therefore acts like a large heat exchang~r supplying heat energy to 

water injected from the surface. If no porous structure exists in the 

rock to allow the injected water to percolate through the reservoir, 

attempts will be made to fracture the rock, creating an artificial 

porous structure. Such practices are corrnnonly used in oil recovery 

when greater reservoir porosity is desired. Although no artificially 

stimulated dry-reservoir system is currently being used to produce 

electrical power, tests to evaluate the idea•s feasibility are current-

ly being made in New Mexico by the Los Alamos Scientific Laboratory. 

If successful, such artificial systems will markedly increase the num-

ber of potential geothermal energy sources. 

Power Plant Designs 

Power plants which utilize steam from vapor-dominated systems 

need do little more than collect the dry steam from the producing wells 

and run it. through turbines. Plants utilizing two-phase mixtures from 

liquid-dominated systems are necessarily ~ore complicated. There are 

three basic designs for these geothermal power plants. The design 

which is currently being utilized in operating plants employs a separa

tor at the well head to draw off only a gaseous product, which is sent 

to· the turbines while the brine is discarded. Variations on this 

design utilize the waste brine from the first separator, and subse-

quently flash it through a series of separators operating at lower 

pressures to produce additional steam product. The number of additional 

stages depends on the initial conditions of the brine, but it is seldom 

-. 
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economical to use more than three stages. 

Typically, geothermal power plants are forced to utilize rela

tively low-pressure steam (determined by the temperature, depth, and 

producing capability of the reservoir), operate at low thermodynamic 
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efficiency, and consequently employ large quantities of steam to pro

duce relatively small amounts of saleable power. A moment's reflection 

on the level of-dissolved solids in typical brines will reveal that 

even a relatively small power plant (in terms of installed capacity) 

will bring to the earth's surface large quantities of solids contained 

in the brines, and these could represent a substantial solid-waste dis-

posal problem if precipitated from solution, to say nothing of the quan

tities of residual liquid brine. For example, based on the figures 

reported earlier, if even one percent of the solids in the Cerro Prieto 

brines were to precipitate (Si02 along accounts for more than 2.5 per

cent of the solids content), then the daily production of solids from 

fifteen wells would exceed fifteen tons. To solve this solid waste 

disposal problem, most proposed designs for geothermal plants provide 

for the reinjection of waste brines into the underground reservoir. 

A second alternative power plant de$ign, which has received con

siderable attention, utilizes geothermal brines to heat a secondary 

working fluid such as isobutane', which is subsequently employed in a 

closed power plant cycle. Known as the Magmamax Process, this P\Oposed 

design will place a pump downhole in the well and lift the brine under 

high pressure to the surface to produce a single-phase liquid product 

at the well head. The brine will then be passed through the heat 

exchanger and reinjected into the reservoir without flashing (A9). 

A third design currently under study by the Lawrence Livermore 
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Laboratory involves development of a special two-phase turbine which 

will employ geothermal brines directly, without prior separation of the . . 

two phases. Because this system uses 100 percent of the well product, 

it has a higher potential operating efficiency than either of the other 

two systems (All). 

Chemical Nature of Geothermal Brines 

As indicated previously, one of the major technological problems 

which must be surmounted before geothermal energy can be utilized econ-

omically is the problem of scale formation within the well, power plant, 

or reinjection site. The potential for scale formation is highly de-

pendent on the chemical nature of the brines, as well as on their 

thermodynamic and hydrodynamic character. As Table 1.1 indicates (W3, 

M3, Ml, FS), even within a given geothermal field the chemical compo-si

tion of brines can vary significantly. The Salton Sea geothermal area 

lies only 60 miles northwest of Cerro Prieto, yet its brines are ten 

.times more concentrated in total dissolved solids. (The Salton Sea 

brines rank among the most saline natural brines in the world (G7).) By 

comparison, Table 1.1 indicates that some of the New Zealand brines are 

ten times less concentrated than the Cerro Prieto brines. 

The concentration levels of dissolved chemical species are not 

only strongly dependent on the temperature (and pressure) of the geo-

thermal reservoir, but also on the complex mineral composition of the 

reservoir rocks. The chemical composition of product brine is further 

complicated by the fact that different producing areas •.vithin the 

reservoir may differ significantly in mineral composition and tempera-

ture. The concentration levels at the well head also depend on the 

degree of flashing and extent of scaling that has occurred as the liquid 
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Salton 
Sea 

liD No 1 

·Ref. W3 
Temp., oc 340 
pH 5.2 
Si02 400 
Na 50,400 
K 17,500 
l1 215 
Rb 135 
Cs . 14 
Ca 28,000 
Sr 400 
Ba 235 
Mg 54 
As 12 
Fe 2,290 
Mn 1,400 
Zn 540 
Pb 102 
Al 4.2 
Cl 155,000 
Br. 120 
I 18 
F 15 
NH4 409 
so 5.4 
HB62 1,620 
HC03 150 

16 H2S 

Total 260,203 

Table 1.1 
Chemical Compositions of Brines (ppm) from 

Various Geothermal Systems 

Cerro Cerro New New Japan 
Prieto Prieto Zealand Zealand 

Orakei- Broad-
korako lands 

M5 M13 Hole 2 Hole 2 Hole 2 

M3 M3 Ml Ml F5 
300 300 200 200 
6.2 8.0 9.1 8.5 7.5 
737 1 ,416 480 848 1,400 

6,648 8,656 550 1,075 180 
1,645 2,207 54 223 25 
24.8 41 3.1 11.4 

0.2 2.2 
0.3 1.9 

304 484 1.0 2.9 6.4 

27.4 17 0.2 .08 2.0 
0.8 

2.0 

0.5 
12,274 15,414 546 1,844 7.8 

0.8 6.4 
1.0 0.3 

N.D. N.D. 5.7 7.3 
0.1 1.6 

11.4 0 142 3.5 338 
33.7 48.0 31.5 216 
53.8 5 405 137 Tr 
58.5 N.D. 6 1.0 Tr 

21,818 28,288 2,237 4,382 1,962 

7 

Japan 

Hole 3 

F5 

4.3 
606 
250 
100 

21.4 

12.6 

212 

4.3 
9.0 

1,488 

Tr 
' Tr 

2,703 
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bdne travels up the well. In sunmary, it is exceedingly difficult to 

predict the chemical nature of the brines without detailed data on the 

total mineralogic composition of the reservoir (indicating in particu

lar which mineral species are in equilibrium), the temperature profile 

in the reservoir, and the hydrodynamic characteristics of the reservoir 

fluid system. In this regard, it may turn out that direct chemical 

sampling is the-only reliable source of information. 

There are several chemical species which notably tend to precipi

tate from geothermal brines. Of primary concern is silica, \'lhich poses 

a significant scaling threat because of its rapidly decreasing solubil

ity with decreasing temperature. (Geothermal brines always cool as 

they are brought to the surface.) Silica (Si02) can precipitate with 

other cations in the brines, especially polyvalent cations. Other 

common scale products are calcium carbonate and calcium sulfate. Un-

like silica, these species exhibit solubilities that increase with 

decreasing temperature. Neverthe.less these species do precipitate, 

because the brines can become greatly concentrated if significant flash

ing occurs. In addition, significant depressuring within the well can 

result in the release of dissolved C02; the carbo~ate ions which form 

(Eq. 1) can precipitate subsequently with calcium to give calcium car

bonate. 

(1.1) 

Other common forms of scale include ferrous sulfide and various metal 

oxides. 

Operating Performance and Scale Formation 

Operating experience in geothermal power plants to date seems to 

indicate that scale formation can occur anywhere within the circulation 

"· 
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loop ror geothermal fluids. Operating data from the Matsukawa power 

plant in Japan shows that scale products form everywhere, but most 

noti~eably in the well-head separators and in the turbine (04). A par

tial analysis of the scale products in the well-head separators for two 

of Matsukawa's producing wells is shown in Table 1.2 along with the 

chemical composition of thermal waters from those wells (04). 

Table 1.2 

Scale Products (%) in Matsukawa Well-Head Separators 

Si02 Fe Al CaO MgO ~ s Na K 

Well No. 1 17.75 12.20 '0.83 0.30 0.21 40.84 3.20 9.25 5.05 

Well No. 2 90.45 0.35 0.84 0.59 0.30 2.25 Tr 1. 50. 0.50 

Chemical Composition of Thermal Water (ppm) 

.Qt!. Si02 Fe Al Ca ~ ~ Na K 

Well No. 1 5.0 1000- 400- 10- 30- 10- 1500- 200- 150-
1500 600 15 40 15 1800 300 200 

Well No. 2 7.5 2000 5 5-10 10- 5 400 150- 40-
15 200 50 

The brine from Well No. 1 has significantly higher levels of iron and 

sulfate (and lower levels of silica), resulting in scale products which 

show an abundance of these constituents together with copreci-pita ted 

species such as sodium and potassium. It is also possible that the 

higher pH of Hell No. 2 brines promoted more silica-scale formation, 

however, this is only speculation since the absolute magnitude of scale 

products was not reported. 

Further operating evidence at the Matsukawa pm-1er plant suggests 

that scale can also form within the steam cycle of the power plant. 
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This fouling problem seems to be a strong function of the moisture con

tent of the steam. Incomplete phase separation and higher liquid con

tent usually result in more scale deposition because the entrained 

liquid contains significantly higher levels of dissolved solids (AS). 

The chemical composition of the scale varies, depending on the particu

lar location of its deposition, as shown in Table 1.3 (Sl). The rate of 

deposition within the turbine seems to be rapid ~1hen the scale forms on 

clean surfaces but slows considerably after a layer has been formed· 

(04). Additional evidence will be presented in Chapter 2 which sugg~sts 

that preliminary ·corrosion is necessary for initial scale deposition, 

after which the rate of further scale deposition is markedly reduced 

(L,2). 

Since the quantity of solids is much lower in steam than in geo

thermal liquids, power plants utilizing vapor-dominated systems are 

less susceptible to scale formation than plants which must separate 

steam from liquid brines, or plants which utilize brine directly. 

Nevertheless, as the above evidence suggests, even steam syste~s are 

subject to some scaling. Evidence from Lardarello, Italy, suggests 

slight scale deposits can form anywhere in the turbine. Typically, 

iron sulfide scale is prevalent in the first rows of blades whereas 

later rows show increasing quantities of partially hydrated ammoni urn 

borates, silica, and various silicates. In addition, corrosive etching 

by chlorides represents a serious problem to the durability of mater

ials of construction (AS). Evidence from Italy•s Lago field indicates 

that significant scaling can occur when the steam carries quantities of 

11dragged 11 or entrained water. Allegrini and Benvenuti (AS) repor,ted 

that for one particular well, producing 50 tons per hour of brine at 

·, 
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Table 1.3 

Chemical Analysis of Scale in the Steam Cycle 
of the Matsukawa Power Plant 

{% by weight) 

Main Main 
Nozzle· Nozzle Control Control Stop Stop 

1st 2nd 2nd 3rd Valve Valve Valve Valve 
Material Blade Blade Blade Blade #1 #2 #1 #2 

Si02 41.9 39.3 48.94 23.24 29.60 32.16 35.74 17. 16 

Fe 6.47 6.92 7.59 10.27 7.14 20.32 22.78 39.76 

A1 2o3 12.23 15.49 17.53 8.95 7.13 7.55 6.32 4.07 

CaO 1.40 4.00 2.40 2.60 0.16 0.80 1.00 0.55 

MgO 0.52 0.89 0.78 0.52 . 0.88 0. 21 0.35 0.18 

Caso4 10.50 3.80 3.16 1.10 4.40 8.3 7.20 2.80 

so4 10.70 12.85 6.32 33.53 31 .33 3.97 2.98 3.08 

s 3.29 3.69 2.36 1.63 2.92 19.73 16.71 25.69 

Na 3.0 3.5 2.0 6.0 6.0 0.2 0.2 0.3 

K 1.5 1.5 0.5 3.5 2.5 Tr Tr Tr 

Total 91.51 91.44 92.44 91.34 91.50 93.24 93.28 93.59 

170°C and 60%.steam, significant scale (97% Si02) fanned in the surface 

piping before a phase separator was installed to correct the situation. 

Four hundred tons per hour of 97°C brine (pH 8.4) from the Otake 

geothermal system in Japan is piped a distance of 4 km to a holding 

reservoir where it is subsequently used for hydroelectric power gener

ation. Operating data show that significant quantities of scale formed 

on the inside of the 350~-diameter steel pipe. Five months after the 
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pipe was installed, scale was 20 mm thick at the entrance and 3 to 5 mm 

thick at a distance of 2 km down the pipe. The scale composition vari

ied with distance, ranging from 85.5% Si02 at the entrance to 97.8% at 

the exit. The scale was allowed to continue to build up until the flow 

rate through the pipe was cut in half, at which time the pipeline was 

replaced (Yl). 

The 60-megawatt power plant at Cerro Prieto (soon to be increased 

to 75 MW with the addition of further wells) was put into operation in 

April 1973. The plant currently utilizes 11 wells which yield a well

head product of 25% steam at 400°F and 160 psig. The remaining brine 

mixture (75%) is separated at the well head and discharged through 

pipelines several hundred yards i·n length to lagoons which collect the 

waste brines. After one year of operation, there is no evidence of 

significant scaling in these outlet pipes. It was estimated that the 

pipes would last between five and ten years before fouling from scales 

made replacement necessary. However, significant scale formation was 

observed within the producing wells themselves. The scale comprised 

mainly carbonates and silica, and was found to occur predominately at 

the junction between different diameters of well piping (C3). 

For the Wairakei (New Zealand) geothermal field, there are con

siderably more operating data than for Cerro Prieto. Ten years of evi

dence there suggests that scale deposition is not a problem for their 

steam-water mixtures at pressures between 55 and 75 psig and their low 

concentrations of total dissolved solids. (See Table 1.1; Wairakei 

brines are not significantly different from those listed for Orakeikorako 

and Broadlands.) Most waste brines are currently flashed to the atmo

sphere, and there is no evidence of scale deposition (Jl). The 
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possibility that scale deposits actually do form but are eroded by the 

high discharge velocities is not likely, due to the boundary layer that 

exists near the surface of the pipe walls. In a few situations where 

severe scaling has been observed, the source of the problem has been 

traced to particularly slow flows in which concentrated brines were 

allowed to cool to 100°C or less (Jl). 

Problem Areas 

Based on the operating evidence to date and a knowledge of geo

thermal power plant design, it is possible to identify key areas where 

scale formation can present serious threats to the operating efficiency 

of plants. The we 11 i tse 1 f is a key area. Brines brought to the sur

face become cooled and concentrated as large quantities of liquid flash 

into steam. The areas within the well where significant flashing 

occurs are susceptible to scale formation and eventual flow constric

tion. Phase separators and flash chambers are other key areas where 

the concentrating and cooling brines are likely to precipitate scales. 

Piping that transports hot but cooling brines is also a potential pro

blem area. Valves and pipe connections may be particularly sensitive 

to scale formation, and their potential fouling represents a threat to 

the plant productive capability. For binary-fluid generating systems, 

scale formation in the brine-working fluid heat exchanger may severely 

reduce the effective heat transfer. If significant precipitation 

occurs within the brines without deposition (such that the brine con

tains entrained solid mattrial), it may be impossible to reinject the 

waste brines into porous underground substrata without subsequent 

plugging-up of the injection site. Finally, although scale deposition 

from geothermal steam is minimal compared to that from liquid brines, 



the presence of only small amounts of scale on turbine blades can 

greatly impair their mechanical performance. 
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One aspect of the scale-formation problem in geothermal power 

plants that has not been discussed yet is probably the most important 

of all- the problem of rate of deposition of scale. Thermodynamics 

indicates that precipitation will eventually occur when dissolved 

minerals are present at concentration levels which exceed their solu

bility limits for a given temperature, but does not specify the rate at 

which precipitation will occur. Silica solutions, for example, are 
" 

known for their ability to exist in states of high degrees of supersat-

uration without yielding precipitates or depositing scales (K5). The 

fundamental question then is: Under what conditions will the rate of 

scale formation be slow or fast? And is it possible to choose condf-

tions under which the rate will be so slow that deposition will not 

occur? 

The purpose of the present work is to investigate the phenomena 

of scale formation, and particularly their rate behavior. Silica has 

been chosen as the major subject of investigation, since it appears 

to present the most significant scaling problems, and indeed is the 

primar~ constituent in many scales. This study will be fundamental in 

nature, without reference to particular power-generating systems. 

Although a great deal of effort has already been devoted to study 

of aqueous solutions of silica, the mechanisms of scale formation and 

the variables affecting i~s rate have not been treated generally. 

Chapter 2 will survey the background knowledge concerning the behavior 

of silica in dilute aqueous solutions as it relates to the process of 

scale formation, and will provide a connection between the rate of 
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silica scale fonnation in geothermal brines and the present study of 

the polymerization rate of silicic acid in aqueous solutions. 



Chapter 2 

BEHAVIOR OF SILICA IN AQUEOUS SOLUTIONS: 
LITERATURE REVIEW 

The Structure of Silica and Silicates 

Man has studied the chemical nature of silica {Si02) and sili

cates for thousands of years, ever since the early beginnings of the 
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glass·and ceramics industry. Several major works have been published 

within the last twenty years which present man•s knowledge of silica 

and its many forms ( Il, El, Vl). Yet, there are still many aspects of 

si 1 ica chemistry that are not understood ( Il). This chapter will touch 

upon key aspects of silica chemistry, both certain and uncertain, which 

apply particularly to the behavior of silica in dilute aqueous solu-

tions. 

Silicon dioxide is a common geologic ingredient and comprises 

sixty percent of the earth•s crust, either pure or combined with other 

elements in silicate minerals. Pure Si02 exists in nature as a complex 

three-dimensional structure in which every silicon atom is bonded to 

four oxygen atoms in a tetrahedral configuration, and every oxygen atom 

is bonded to two silicon atoms (S5). It can exist in both crystalline 

and amorphous forms: the conunon crystalline form is quartz. (Quartz 

exists as both right-hand or clockwise-advancing (a-quartz) and left

hand (B-quartz) spirals of linked tetrahedra (S3).) Quartz, however, is 

only one of three known crystalline forms and is thermodynamically 

stable up to temperatures of 870°C. Tridymite is stable from 870 to 

1470°C, and cristobalite is stable above 1470°C. All three forms are 

found in nature below 870°C, but in such .cases, tridymite and 
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cristobalite exist in thermodynamically unstable states (Il). Amor

phous silica is a general term for any non-crystalline form of Sio2 and 

includes such species as silica gel, colloidal silica, opal, and silica 

glass (K5). The silicon oxygen tetrahedra are also the common·building 

blocks of all silicate minerals as shown in Table 2.1 (S3, SS). 

Solubility of Silica in Aqueous Solutions 

When solid phases of silica are contacted with water, small 

amounts of the silica will dissolve and enter the aqueous phase. The 

predominent form of dissolved silica is simple monomeric silicic acid, 

Si(OH) 4 (K5, K2, Al, M4, W4, 84, MS). This acid has the tetrahedral 

coordina~ion with oxygen characteristic of nearly all silicate struc

tures. The -OH gro~ps bonded to the central silicon .atom, commonly 

termed silanol groups, have a slight ability to release hydrogen 

ions; hence the name silicic acid. The dissociation constant for the 

first hydrogen ion has been reported by Roller and Er\'lin (R2) to be 

lo-9·8 at 30°C. Greenberg and Price (G3) report similar values, lo-9· 77 

at 25°C and lo-9· 70 at 35°C. (A lower value, lo- 9· 9, is indicated by 

the present study.) The second hydrogen dissociation constant is 

approximately lo- 12 (R2). The single silicon atom tetrahedrally bonded 

to four silanol groups is termed monomeric, because this species can 

polymerize by forming an oxygen linkage between two silicon atoms to 

form higher-molecular-weight silicic acids. More will be said about 

this polymerization, shortly. 

All silicate minerals dissolve in water. some much more readily 

than others. Amorphous silica is more soluble than quartz which in 

turn is more soluble than most of the silicate minerals (Il, V3, MS, 

F2). The solubilities of quartz and amorphous silica are strong 
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Table2.1 

Structure of Silicate Minerals 
From Stillwell (SS) and Slabaugh and Parsons (S3) 

Silicon-
Oxygen 
Structure 

? 
0-Si-0 

I 
0 

? ? 
0-Si-0-Si-0 

I I 
0 0 

larger 
Rings 

Silicon
Oxygen 
Chains 

Double 
Chains 

Silicon
Oxygen 
Sheets 

Three
Dimensional 
Structures 

Description Examples 

Orthosilicates-single Garnet 
tetrahedra joined by 
metal ions as in salts Olivine 

Two tetrahedra sharing Thortveitite 
one oxygen-joined to 
other Si207 groups by Hemimorphite 
metal ions 

Metasilicates-six- Wollastinite 
member rings of alter-
nating silicon and Benitoite 
oxygen atoms 

12-member rings con- Beryl 
taining alternating 
silicon and oxygen 
atoms 

Pyroxenes-single Diopside 
chain of silicon 
tetrahedra linked by 
oxygen bridges 

Amphiboles-two side- Asbestos 
by~side pyroxene 
chains linked with 
oxygen bridges, one 
for every four silicon 
atoms 

Micas and Clays Kaolinite 

Muscovite 

Feldspars Orthoclase 

Anorthite 

Formula 

(Fe,Mn) 3Al 2(Si04)3 
Mg 2Si04 

Sc2si 2o7 
. zn4(0H) 2si 2o7-H20 

ca3Si 309 

BaTiSi 3o9 

Al 2s; 2
o

5
(0H)

4 

KA1
3
si 3o10(0H) 2 

K(Al02)(Si02)3 
Ca(Alo2)2(Si02)2 
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functions of temperature, as shown in Figure 2.1 (K2, Al, M4, M6). 

Solubility is not a strong function of pressure for temperatures below 

the critical point of water. The heat of solution is 6.0 ± 0.15 kcal/ 

mole for quartz (M4), and 3.35 kcal/mole for amorphous silica (M6). 

Silica is also slightly soluble in steam. However, at saturation 

pressures, this solubility is exceedingly low ... Kennedy (K2) states 

that: 

The solubility of quartz in saturated vapor in equi
librium with liquid and with crystalline quartz---that is, 
along the three-phase boundary---is almost immeasurably 
small until a temperature of 370°C and pressure of approxi
mately 210 atmospheres are reached. From 37ooc to 374.110C 
the solubility in the vapor phase increases rapidly along 
the three-phase boundary, until at 374.11 the solubility 
reaches the value of the liquid at this temperature, 0.023 
percent (230 ppm). At the critical temperature and pres
sure, the "liquid" and the "vapor" become indistinguishable 
and the solubility curves showing solubility of quartz in 
liquid and quartz in vapor meet at a point called the lower 
critical end-point of the system. 

Morey and Hesselgesser (M5) and Kennedy (K2) point out that the solu-

bility of silica in water is a strong function of the fluid density. 

As seen in Figure 2.1, the quartz solubility in saturated water reaches 

a maximu~ around 330°C, and-then drops rapidly as the critical tempera-

ture is approached. This is due to the r~pidly diminishing density of 

liquid water in that temperature interval. Fig~re 2.2 (K2) is a semi

log plot of the data in Figure 2.1, with the addition of constant 

specific gravity curves. The decrease in solubility with decreasing 

gas-phase density is readily apparent. 

Comparing the solub;lities of different silicate materials, Morey 

and Hesselgesser report the following solubilities at 500°C and 1000 

atmospheres: quartz, 2600 ppm;_opaque glass (amorphous silica), 4180 

ppm; albite (sodium feldspar-NaA1Si 308), 770 ppm; and orthoclase 
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100 200 300 

Temperature (°C) 

Solubility of Quartz and Amorphous Silica 
as a Function of Temperature 

Data from: Kennedy (K2) 
Alexander et .al. {Al) 
Morey et al. (MS) 
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(potassium feldspar-KA1Si 308), 760 ppm. 

The solubilities of silica reported in Figure 2.1 were determined 

for essentially neutral solutions. Evidence of silica content in 

natural waters suggests that pH has little effect in the range .from 2 

to 9 (W4, 11). However, Alexander, Heston, and Iler (Al) report that 

the solubility of amorphous silica is dramatically increased for pH's 

greater than 9.0. This increase is most likely due to the formation of 

silicate anions as silicic acid monomer ionizes. Thus the equilibrium 

solubility of silicic acid monomer is independent of pH. But, as the 

pH of the solution approaches the pKA (the negative logarithm, base 10, 

of the acid dissociation constant) for the silicic acid monomer, the 

silicate anioh concentration increases rapidly, and with it the total 

a~ount of silica in solution. For example, at a pH of 10.8, the ratio 

of silicate anions to neutral silicic acid molecules is 10:1, and the 

total solubility of silica is thus 11 times the solubility of silicic 

acid monomer. Alexander et al. (Al) found excellent agreement between 

this simple model and their experimental data. 

On the basis of extensive geologic evidence, the solubility of 

silica in geothermal reservoirs seems to be controlled by the solubility 

of quartz (F2).. This premise has been used to predict reservoir temper

atures by observing the quantities of silica present in surface waters. 

The 11 Silica geothermometer 11 was developed by Fournier and Rowe (F2) who 

achieved good agreement between the estimated and measured maximum tem

peratures at depth for numerous hot springs. Their calculations took 

into consideration the enhanced silica content in surface waters result-

ing from flashing that occurred as the brine traveled to the surface. 

(Because the silica solubility is so low in steam, nearly all the silica 
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originally present in the liquid at depth remains in the liquid portion 

of the well-head product.) Where no data were available, Fournier and 

Rowe were able to predict the amount of steam formed by assuming an 

adiabatic passage up the well, thereby better correlating their temper

ature predictions with observed data. 

Assuming that quartz solubility is controlling and that signifi-

cant quantities of liquid brine can flash on route to the surface, one 

would predict that the silica content in residual brines at the well 

head might range from 300 to 1000 ppm for reservoirs that range in 

temperature from 200° to 300°C {assuming greater than 70% liquid well

head product) .. This is certainly within the range of observations for 

known geothermal systems. Interestingly, the quartz solubility does 

not appear significantly different in concentrated electrolytes than it 

is in pure water. Fournier and Rowe {F2), for example, find no signi

ficant difference for the solubility of quartz in 2 M sodium chloride 

solutions. Kitahara (K3) reports large increases in the solubility of 

quartz in concentrated sodium chloride solutions (1 to 7 ~) for temper

atures greater than 300°C, but Fournier and Rowe have cast serious 

doubt on his experimental conditions. 

Behavior of Silica in Supersaturated Solutions 

Water saturated with dissolved silica at a given temperature 

represents an equilibrium state. In a geothermal reservoir .• it is 

likely that the intersticial fluid is saturated with predominately 

monomeric silicic acid in equilibrium with quartz. (This-may not be 

true when the reservoir-fluid residence time is very short, correspond-

ing to high brine production rates, high recharge rates of fresh water, 

and lower than equilibrium solubility levels.) 
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When the brine cools, it becomes supersaturated with respect to 

dissolved silica. One would then expect silica to precipitate until 

the solubility again corresponds to the quartz solubility at the lower 

temperature. However, geologic evidence (KS, W4) suggests that the 

precipitation of silica from thermal water is determined by the higher 

solubility level of amorphous silica (Figure 2.1). For this reason, as 

Krauskopf (KS) states, II .. silica may be carried indefinitely in 

solution in surface waters at concentrations far in excess of the solu-

bil ity of quartz." 

When the concentration of monosilicic acid in brines exceeds the 

solubilityof amorphous silica for a given temperature, the silicic acid 

polyroerizes by a condensation reaction between two silanol groups which 

links silicon tetrahedra together through an oxygen bridge (a siloxane 

bond): 
I I I I 

-Si-OH + HO-Si- ~ -Si-0-Si- + H20 
I 1. I I 

The polymerization continues until the monomeric silica content corres

ponds to the solubility value of amorphous silica.* At this point the 

monomeric silica is in equilibrium with highly polymerized silica which 

attains a colloidal size. White, Brannock, and Murata (W4) have exten-

sively reviewed the polymerization of silica in natural waters. They 

state that: 

In supersaturated solutions at low temperature, mono
meric silica polymerizes slowly to colloidal silica. The 
rate may be almost infinitely slow in acid water and in 

*Great uncertainty is indicated in the geologic and chemical litera
ture as to just what form of silica constitutes "soluble silica". The 
convention adopted here equating soluble silica to monomeric silica is 
the one most often used. However, it is not entirely correct, as will 
be shown in subsequent chapters. 
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solutions that are only moderately supersaturated. The rate 
of polymerization is increased by high pH, high temperature, 
high degree of supersaturation, and contact with some other 
substances (notably opal- 11 the naturally occurring form of 
amorphous s i 1 i ca, genera 11 y with 1 ess than 12% water" ( 1<5) . ) 
•.• Precipitation of colloidal silica is favored by high 
t~mperature and contact with opal. 
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White et al. further studied the effect of temperature on the nature of 

silica precipitated from aqueous solutions, and reported: 

Opal -and gelatinous silica are formed when silica is 
deposited with re 1 ati ve rapidity. Opa 1 is favored by 1 ow 
temperature. It occurs at temperatures as high as 14ooc, 
but it is unstable and is converted slowly to chalcedony or 
quartz. Opal is probably formed from monomeric or, more 
probably, the smaller polymeric molecules of silica. Evi
dence is lacking for the direct conversion of gelatinous 
silica to opal at room temperature. Formation of quartz is 
believed to be favored by relatively high temperature, slow 
rate of deposition, and low degree of supersaturation, and 
is probably formed directly from monomeric molecules. 
Chalcedony is probably formed from waters that are rather 
strongly supersaturated with respect to quartz. The rate 
of deposition may be too rapid for attainment of the well
ordered structure of quartz. 

Krauskopf ( K5) has a 1 so presented an exce 11 ent review of the 

behavior of silicic acid in dilute solution. He has studied both the 

behavior of silicic acid in naturally occurring waters and in acid neu

tralized solutions of sodium silicate (concentrated solutions of sili

cate anions which are stabilized at high pH). He reports that: 

When an alkaline solution of silica is neutralized, 
or when a saturated solution at high temperature is cooled, 
the silica normally does not precipitate, but remains in 
supersaturated solution. Over a period of weeks or months 
the supersaturated solution changes to a sol (a stable solu
tion of colloidal particles), until the amount of silica left 
in molecular form is equal to the equilibrium solubility of · 
amorphous silica at the prevailing temperature. If the ori
ginal solution is V(.;ry concentrated or if the solution later 
becomes concentrated by evaporation, gelatinous silica will 
separate out or the entire solution may set to a gel. In 

. ,,nature, the precipitation of silica by cooling and evapora
tion is observed on the aprons of many hot springs. Gela
tinous silica is sometimes found in pools fed by such 
springs, and also has been reported from cavities and fis
sures underground. 



26 

The polymerization of silicic acid involves splitting out a water 

molecule between silanol ·groups on two silicon atoms, leaving a silo

xane linkage. Because each monosilicic acid molecule contains four 

silanol groups {a functionality of four), polymerization will yield a 

highly branched polymer structure, as opposed to straight linear chains. 

(Flory {Fl) has shown that branching can occur when the functionality of 

the monomer exceeds 2, the minimum necessary for polymerization.) In 

highly concentrated solutions of silica {usually greater than 0.5% by 

weight Si02), this branching yields an infinite three-dimensional poly

mer structure which results in a gel. Less concentrated silica solu

tions (more typical of ones found in nature) yield solutions C'sols") of 

colloidal silica particles. With diameters somewhere in the range of 

1 to 100m~, these particles are remarkably stable under certain condi

tions (Il). Carman (Cl) has given a consistent theory of amorphous 

silica structures, including the constitution of colloidal silica 

particles formed from the polymerization of silicic acid. He pictures 

these particles as dense spheres containing an amorphous Si02 interior 

which results from the complete condensation of silanol groups. The 

particle surface is covered with unreacted silanol groups. 

The formation of silicic acid sols is likely to be an important 

intermediate step in the formation of silica scales from supersaturated 

brines. Therefore, the stability of s.ilica sols is of fundamental 

importance in handling geothermal brines. Krauskopf {KS) reports from 

geologic evidence that 11 Cclloidal silica may be precipitated by evapor

ation, by coprecjpitation with other colloids, and by fairly concen

trated solutions of electrolytes. 11 In comparison to other rates, 

agglomeration of a silica sol by electrolytes is fast at pH's greater 
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than 6. Monomeric silica in excess of its solubility reacts relatively 

·quickly in the presence of colloidal silica, but is not affected by 

electrolytes except where insoluble metal silicates are formed {KS). 

Okamoto, Okura, and Goto {03) report that "aluminum has a remark

able effect on the behavior of silica, especially when the latter exists 

in the colloidal state, which can be precipitated by a·mere trace of 

aluminum." The authors were able to establish a critical ratio of alum-

inurn to silica below which precipitates did not form. They also 

observed that in strongly basic sol~tions, aluminate ion reduces the 

rate of dissolution. These results are extended to the precipitation of 

silica in therinal springs; the authors state, "on cooling or on changing 

pH, the water becomes supersatured with respect to silica and it poly

merizes into colloidal form, in which case it may be precipitated by 

quite a small amount of aluminum or other trivalent cations, forming a 

precipitate consisting of very pure amorphous silica." {03) 

The Stability of Colloidal Silica Sols 

The stability of colloidal silica, including the effect of various 

electrolytes upon it, is a subject that has been widely studied. Yet no 

definitive explanation of sol stability currently exists. An undisputed 

fact is that pH has a dramatic effect on the stability of colloidal 

silica because it alters the charge on the surfaceofthe silica parti

cles. Above a certain pH, acid dissociation of surface silanol groups 

becomes appreciable, and the colloid surface acquires a net negative 

charge {A6). Schindler and Kamber {S2) report a pKA v~iue of 6.8 for 

the ionization of hydrogens from a surface containing predominately 

undissociated silanol groups, but it is likely that this pKA rises as 

the percent ionization increases. At very low pH's the colloidal 
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surface becomes positively charged as it adsorbs free hydrogen ions. 

At an intermediate pH, the colloidal particles contain no net surface 

charge. The position of this so-called isoelectric point has been a 

source of widespread controversy. Parks (Pl) reports that the best 

value for the isoelectric point of silica is 2.0, based on an extensive 

literature survey. On the other hand, Iler (11) has stated th~t the 

apparent isoelectric point of colloidal silica formed from commercial 

silicates lies between 4 and 5 depending on the age of the sols. The 

reason for the discrepancies in the reported isoelectric points probably 

stems from the fact that the measurements were influenced by contaminat

ing electrolytes in solution. It is also noted that distinctly differ

ent forms of amorphous silica were. used in the various experiments. 

In high-pH solutions, the negative charge of silica colloids pro-

.· duces a mutual repu1sion with resulting stability. If cations are 

added to the solution, they can adsorb onto the surface of the colloids 

and reduce. the effective charge. Mutual repulsion is not as strong, and 

the sols can agglomerate to produce larger particles. \~hen the dia

meters of the aggregated particles exceed 150 - 200m~, settling gener

ally occurs (11). This type of agglomeration, which is generally char

acterized by electrostatic interaction, has been termed "coagulation" 

by LaMer (Ll). Flocculation, on the other hand, acts by a chemical 

bridging mechanism in which the ends of a separate chemical species 

adsorb onto two different colloid particles and thereby provide a link. 

LaMer is careful to distinguish between these two diffEt·ent processes, 

for the resulting precipitates are quite different. 

At pH values between 2 and 5, where the sols have seemingly little 

or no charge, Iler claims that electrolytes have little effect (11). He 
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attributes sol stability in this region to low concentrations of hydr

oxide ions which catalyze the condensation of two silanol groups to 

yield a siloxane linkage (as will be seen shortly when the mechanism of 

polymerization is discussed). Allen and Matijevic (A6-A8}, however, 

demonstrated that cations do have an appreciable effect on sol stabil

ity. They postulate that cations in solution exchange \'Jith hydrogen 

ions on the surface silanol-oxygen atoms. They found that only a small 

fraction of the surface hydrogens have to be exchanged before incipient 

destabilization is achieved, an observation which agrees with that of 

Stumm andHahn (Hl). Allen and Matijevic attribute the stability of 

colloids at low pH, in the absence of electrolytes, to a tight covering 

' of water molecules which hydrogen-bond to the surface silanol groups and 

surround the particles with a protective layer. Cations adsorbing on 

the surface disrupt this layer and produce instability. 

The results of Allen and Matijevic (A7, A8) shown in Figure 2.3 

illustrate the effect of electrolyte concentration and pH on colloid 

stability. The stability regions were established one hour after the 

initial mixing of sol and electrolyte. Above the 1 fries the sols are 

unstable and precipitate. Below the lines the sols are stable. With 

aging the critical coagulation boundary shifts downward slightly (i.e., 

after 24 hours, less electrolyte is required to produce coagulation). 

(Adownward shift would also be caused by more concentrated sols while 

lower concentrations of silica would yield critical coagulation curves 

shifted upwards-from thos~ of Figure 2.3.) It is evident that mult.i-

valent cations are more effective in causing precipitation than mono-

valent cations. Notice that for pH's greater than 3.5, as little as 8 

ppm aluminum can precipitate a solution containing 2000 ppm colloidal 
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silica. The sol used in these experiments was Ludox HS (E. L duPont 

deNemours & Company). The concentration of silica in solution was 2000 

ppm, the particle diameter was 15m~, and the BET surface area was 210 

m2/gm. This diameter and area taken together indicate a particle den

sity of 1 .9, slightly less than the density of amorphous silica, 2.2. 

(Quartz has a density of 2.655.) 

Other res~lts show that of the monovalent cations (Li, Na, K, Cs), 

the heavier species are more effective as coagulants; they are less 

readily hydrated, and can more effectively neutralize the negative 

charge on the colloidal particles (!1, A7). Hydrolyzed polyvalent 

cations (e.g. Al{OH)++, Fe(OH)++) are more effective precipitating 
. . ++ ++ agents than non-hydrolyzed cat1ons (e.g. Al , Fe ) (02); and aggrega-

tion of'sols by these species can occur by both coagulation and floccu

lation mechanisms, depending on the pH range and the state of the 

hydrated species (Hl). When hydrolyzed cations are present, polymeri-

zation can occur between hydroxide groups of the cation and silanol 

groups of the colloid. This oxygen bridging mechanism belongs under the 

flocculation category and occurs at pH's where soluble metal hydroxide 

species are prevalent. At lowerpH'swhere the metal ions are unhydro

lyzed, electrostatic attraction to negatively charged silica sols can 

result in a "coagulation type" precipitate. 

The concentration of the counter ion associated with the metal 

salts (Cl-, so;, No;, etc.) appears to have no effect on the sol stabil

ity, except in cases where the anion can complex with the cation to 

form a different adsorbing species, e.g. Also: (A8). 

Scale-Formation Pathways 

At this stage it is important to relate these physical and 
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chemical observations on the behavior of silica in aqueous solution to 

scale formation in geothermal brines. In the absence of proven scale

formation mechanisms, the following mechanisms have been postulated by 

the author as a basis for subsequent experimental study. Figure 2.4 

is a schematic representation of the conceptualized steps entering into 

the formation of scale. 

Silica dissolves from the reservoir rock at relatively high tem

peratures and enters the aqueous phase as predominately silicic acid 

monomer (Step 1 in Figure 2.4). The solubility of quartz generally 

controls the total solubility level of silica. 

As the solution moves toward the surface and drops in temperature, 

silica may precipitate by a variety of mechanisms. If there are high 

·concentrations nf metal ions in the brines, relatively insoluble metal 

silicates might precipitate abruptly. Some metal silicate solubilities 

may depend more strongly on temperature than the quartz solubility does, 

and thus could supersaturate more rapidly upon cooling -Step 2. (Per

tinent data on metal-silicate solubilities are lacking, however.) Some 

evidence suggests that only silicate anions can precipitate with metal 

cations, and thus pH may be an important factor (Il, K5, 03, W6). 

Alternatively, if metal ions (notably iron) are contributed by 

the presence of corrosion products inside metal piping, metal silicates 

might form on the pipe surface which acts as a stationary nucleation 

site (Step 21
). Such effects have been observed in geothermal wells. 

Also, sodium silicate has Deen added to water systems for more than 

fifty years to arrest corrosion in steel piping; the protective silica 

scale required has been shown to form only on an already corroded sur

face (Lehrman and Shuldener, L2). For iron pipes carrying thermal 

, 
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brines (at 86 to 130°C} from hot springs in Iceland, Hermannsson {H3} 

has related silica-scale formation to waters that had high dissolved 

oxygen content. He suggests that dissolved oxygen in these waters 

first promotes corrosion of the pipes which subsequently can promote 

34 

the formation of metal silicate scale. The pH of these Icelandic waters 

was 9.3·, and the silica content ranged between 70 and 150 ppm. 

Other opportunities for scaling arise when geothermal brines 

become supersaturated ~ith silica, through cooling or through concen-· 

tration by vaporization. Geologic evidence suggests that monomeric 

silica will polymerize or precipitate until the amorphous solubilility 

is reached, for temperatures upto 140°C. Above this temperature amor

phous silica is no longer metastable and is converted to crystalline 

,, quartz at an undetermined rate. lt may be that the quartz solubility 

, . is cantrall ing at temperatures greater than 140°C. Monomeric silica may 

.. precipitate directly from supersaturated solutions if active sites {i.e. 

reactive OH groups) are already available. This "precipitation" is 

actually the formation of a siloxane bond between a reactive OH group on 

the active site and one of the silanol groups of the monomeric silicic 

acid (Step 3). Previously formed silica scale, corroded surfaces, 

colloidal particles, or any amorphous silica present could provide an 

active site. 

If no active sites are present, silicic acid will polymerize in 

solution to form colloidal silica (Step 4}. The colloidal silica may 

further polymerize to precipitate by itself in the form of a gelatinous 

mass (Step 5}, or it may be precipitated by the presence of small 

amounts of polyvalent cations such as Ca, Mg, Fe, orAl (Step 6). The· 
. ' . .. ~ 

possibility even exists that the silica may not precipitate at all, but 
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will instead renain in solution as the brine passes through the ·plant 

and is reinjected into the ground. 

Which one of these scaling mechanis~s prevails will be highly 

dependent on the rates of the individual steps, and these in turn will 

depend on the temperature and the chemical nature of the brine. All 

the arrows in Figure 2.4 represent rate processes. If all of the pre-

cipitation rates are slow compared to the residence time of the brine 

in its circulation loop, no precipitation will occur. The rates that 

are fast compared to this residence time will inevitably contribute to 

scale deposition. To predict the locations and characteristics of 

·scale formation it is important to know the rates of all potential 

scale-forming reactions,data which today are almost completely lacking. 

Steps 3, 4 and 5 in Figure 2.4 all involve the 11 Condensation 11 

reaction between pairs of silanol groups to form siloxane linkages. 

The rate of this polymerization reaction appears to have a large effect 

on the rate of silica scale deposition from geothermal brines. The 

polymerization of silica has been studied extensively, and the perti

nent literature will be reviewed shortly. 

In addition to silica polymerization, jt will be necessary to 

understand the rates of mechanisms 2, 2•, and 6 to obtain a complete 

picture~ As indicated, there is much published work on the stability 

of silica sols. In particular, Stumm, LaMer, Matijevic, and co-workers 

(A6-A8, Ll, Hl, 02) have studied the mechanisms and rates of floccula

tion and coagulation of silica sols, and their results can be extended 

directly towards the understanding of mechanism 6. However, much addi

tional work is necessary for a full understanding. Vail (Vl) has 

extensively reviewed the precipitation of low-molecular-weight silicate 
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ions with metal salts {Step 2}, but little seems to be known about the 

rate of these reactions. One would tend to conclude that these reac-

tions, being ionic interactions, are relatively fast. Lehrman and 

Shuldener (L2) and Woods et al. (W6) have superficially investigated 

Step 2', but additional work remains to be done. 

Silica Polymerization: · Formation of Silicic Acid Gels 

The aggregation of silica sols to form solid gels has been 

observed for more than 200 years (11). Thomas Graham, one of the found

ers of the modern field of colloid science, published a paper on the 

formation of silica gels in 1864 (G2, Il). However, only in the late 

1930's was gel formation attributed to the polymerization of silicic 

acid {H4, F3). Subsequently, Carman gave a remarkably clear exposition 

·on the constitution of silica gels (Cl). He wrote: 

Formation of silica gel can be regarded as taking 
place in two stages. In the first, initially formed 
Si(OH)4 condenses (condensation polymerization reaction 
between silanol groups to form siloxane bonds) to colloid 
particles. In a dilute solution a further slow increase in 
particle size is the only subsequent change, but, at a con
centration of about 1% silica, these primary particles are 
in turn able to condense together to give a very open but 
continuous structure extending througho~t the medium and 
thereby to bestow a certain degree of rigidity upon it. In 
both stages, the mechanism is the s~me, i.e. condensation to 
form Si-0-Si links; but in the first stage, condensation leads 
to particles of massive silica while, in the second stage, 
since it is not possible to fit two particles accurately 

·together over a common face, the numberof Si-0-Si links 
between primary particles are fewer in number than those 
within the particles themselves. They are merely sufficient 
to bind adjacent particles in a fixed position relative to 
one another and thereby to lead to a rigid, highly-porous, 
tangled network of branching chains. They are not strong 
enough to withstand strains produced when the gel is dried, 
so that adjac~nt primary particles break apart and take up 
new and more strongly bonded positions in which each is 
joined to a greater number of neighbors, i.e., the gel 
undergoes shrinkage. 



0 0 J 0 4 4 0 ~ 9 9 J 

••• The properties of a gel depend upon its his-
tory, e.g. upon the concentration of the original reagents. 
When a gel is formed by mixing concentrated solutions, an 
immense number of nuclei are formed close to one another, 
so that primary particles are unable to reach as large a 
size as with more dilute reagents. Even if the latter gel 
is subsequently dried to the same proportion of water, the 
larger size of its primary particles will give it a some
what more weakly bonded structure and coarser texture. 
Further, in the act of gelation, the more concentrated and 
hence more rigid gel is unable to accommodate stresses set 
up between initiation and completion of gelation. Readjust
ments of internal linkages give rise to a spontaneous shrink
age or syneresis which is most marked for concentrated gels. 

37 

The polymerization of silicic acid has been studied extensively by 

a variety of techniques. These include measurements of light scatter

ing, freezing-point depression, gel-point time, and depletion of mono

silicic acid concentration with time. The formation of gels provided 

the initial evidence of polymerization, and it was the first technique 

utilized for the study of polymerization rates. 

Sili~a gels can be prepared by neutralizing a soluble sodium (or 

potassium) silicate solution. Sodium silicate solution, a common 

commercial product formerly referred to as "water glass", has wide 

industrial application in detergents, adhesives, paper products, silica 

gel, cements, coatings, textile bleaching, abrasives, water treatment, 

soil treatment, etc. (WS). Undiluted sodium silicate solutions contain 

high concentrations of soluble silica, up to 30% by weight. These solu

tions are stabilized at high pH by the presence of alkali metals; the 

silica in solution is thus in the form of silicate anions. In typical 

commercial products, the molar ratio of Na2o : Si02 var;es from 1:5 to 

1:1. 

·When a highly alkaline solution of sodium silicate is neutralized 

with acid, a solution of low-molecular-weight silicic acids and of the 
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sodium salt of the acid original is produced. The initial degree of 

polymerization of silicic acid depends on the ratio of Na 2o : Si02 in 

the sodium silicate solution. Oebye and Nauman (Dl-03) have shown that 

the degree of aggregation of silica in sodium silicatP increases as the 

ratio of Na2o to Si02 decreases. At the metasilicate ratio (1:1), solu

ble stlicate ions contain a single silicon atom. For a 1:3.3 solution 

of sodium silicate, Oebye and Nauman (03) have shown by a light

scattering technique that the weight-average molecular weight* is 325 

(compared to molecular weights of 60 for Si02 and 96 for Si(OH) 4. Iler 

(I2), in freezing-point measurements on a similar solution prepared from 

1:3.3 sodium silicate, found a degree of polymerization** of 3.25. 

Assuming that this corresponds to a number-average molecular weight* of 

288 (weighted average of Si 3o2(0H)8 and Si 403(0H) 10), the ratio Mw/Mn = 

325/288 = 1.13. If these numbers are correct, the above ratio implies 
\ 

that there is some distribution of molecular weights in a 1:3.3 sodium 

silicate solution. (A ratio of 1 indicates that all the molecules are 

the same size, i.e. the solution is monodisperse.) 

Under appropriate conditions, neutralized sodium silicate solutions 

will gel. Hurd and collaborators (H5-Hl0) have investigated the vari

ables which affect the rate of gelation. They defined the gel time as 

the moment at which a stirring rod, suspended at a 20 degree angle from 

*In referring to average molecular \'Ieight of a polymer, there are two 
statistical averaging processes commonly utilized. The number-averaged 
technique uses the number distribution of particular polymeric molecules 
as a weighting function in the averaging process. The weight-averaged 
technique uses the weight distribution of polymeric species as the 
weighting function. 

**The degree of polymerization equals the number-average molecular weight 
divided by the molecular weight of the average repeat unit. 
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the vertical, fails to fall under its own weight. Other investigators 

studying gelation employed equally qualitative techniques; Merrill and 

Spencer (M2) used the criteria of 11 loss of uniform flow, the appearance 

of breakage planes when the mixture was tilted, and the adherence of 

solid gel to the glass wa11, 11 while Moulik and Ghosh (M7) recorded the 

time at which a glass sphere failed to fall t~rough a gelling solution. 

Although it is difficult to compare quantitatively the results of these 

studies, the reproducibility of the experiments within each study was 

quite good. 

For any one silica concentration, gel times based on a consistent 

gel-point criterion (e.g. the .. tilted rod method .. ) correspond to the 

same average degree of polymerization, and therefore are inversely pro

portional to the average rate of polymerization. However, Iler (12) 

has shown experimentally that consistent gel times for two different

concentrated solutions do not correspond to the same average degree of 

polymerization (i.e. same extents of conversion), and therefore the 

ratio of the average polymerization rates is not equal to the inverse 

ratio of the gel times. Iler compared gelled samples which had the 

same number-average molecular weight, based on a modified freezing 

point determination, and found 11 that the 6% (Si02 by weight) gel was 

hard and brittle, whereas the more dilute solutions gave gels which 

were increasingly soft, the 2% gel being extremely soft and weak ... Thus, 

if a gel-point criterion establishes the gel time at a specific degree 

. of polymerization for dilute concentration, the same gel-point criter

ion will yield a gel time in more concentrated solution that corres

ponds.to a lower degree of polymerization. The relationship between 

gel-point and degree of polymerization will be discussed in more detail 
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in Chapter 5. 

The early gel time studies established a striking 'dependence on 

pH of polymerization rate. Figure 2.5 (M2) presents some typical 

results. It shows that the rate of polymerization is highest near the 

neutral point, and that more concentrated solutions polymerize faster. 

Although not shown in Figure 2.5, other experimental results indicate 

that the polymerization rate reaches a minimum value in the pH range of 

l to 3, and increases at still lower pH (H7, !2, A2). Hurd and Sheffer 

(H9) have shown that the polymerization rate in the pH range from 4.5 

to 6.5 is proportional to (OH_)a, where a varies from 0.9 to 1.7. The 

data are difficult to interpret accurately because the pH of the poly

merizing solutions increased during the course of the reaction. This 

pH rise is typical of gelling solutions, and Hurd, Frederick, and Haynes 

(H6) have attempted to explain it by assuming (incorrectly, as will be 

shown) that higher-molecular-weight silicic acids are weaker acids. In 

the strongly acidic range, pH - 0.5 to 0.5, Hurd and Barclay (H7) report 

that the average polymerization rate is first-order in hydrogen ion con

centration when H2so4 is used to acidify the sodium silicate solution, 

and third-order when HCl is used. These results suggest that the reac

tion is catalyzed by chloride ion. For polymerization in basic medium, 

Hurd et al. (HlO) found a maximum average rate at pH 8.3, above which 

the rate decreased with hydroxyl ion concentration to the 1.7 power 

(H8). Above pH 11 no gel formation was observed for an Si02 concentra

tion of 3.8%. 

Higher temperatures increase the rate of polymerization, and many 

workers have determined an apparent activation energy in the range from 

0° to 50°C. By plotting the logarithm of the gel time versus the 
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reciprocal of the absolute temperature, good straight lines are 

obtained in many cases. Nevertheless, such reported "activation 

energies" are not true activation energies, because they cannot be 

associated with a single chemical reaction. The apparP.nt activation 

energies have been found to depend on pH. Moulik and Ghosh (M8} report 

an apparent activation energy of 9 kcal/mole at pH 1 .7, in good agree

ment with Hurd. and Barclay {H7) who report a range of 9~11 kcal/mole 

for pH's less than 1. For the pH range from 3 to 5, Hurd et al. (H6) 

report the average value of 17 kcal/mole, but their data show a steady 

decrease from 20 kcal/mole to 15 kcal/mole over that range. 

Similarly, Munroe et al. {Mll), using attainment of a specified 

Young's modulus as a criterion for gel time, report an apparent activa

tion energy of 15.2 kcal/mole at pH 5.6, and 9.4 kcal/mole at pH 8.2. 

Hurd et al. {HlO) also report that, above pH 10.5, gel times increase 

with increasing temperature. They offer the plausible explanation that 

polymerization is readily reversible at high pH, and that thedepolymeri

zation reaction is favored at higher temperature (i.e., polymerization 

is an exothermic reaction). This is in accord with the positive heat of 

solution measured for amorphous silica by Morey et al. (M6). 

Molecular-Weight Determinations 

Disadvantages of the gel-time method are that it indicates only an 

averaged polymerization rate, and that the criteria for establishing the 

gel time are highly empirical. There are many possible condensation 

reactions occurring during the course of gelation~ and gel times give 

only a macroscopic view of a very complex microscopic process. ··There

fore, more quantitative methods have been sought. Greenberg (G4) noted 

that the refractive index of a silica solution changes with 
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polymerization, and used this change to monitor the polymerization 

rate. He found, for the pH range 9.4 - 10.8, that the rate of forma~ 

tion of siloxane bonds was inversely proportional to the hydroxide ion 

concentration. Brady et al. (B5) used a light-scattering technique to 

monitor changes in the weight-average molecular weight of polymeric 

silica with time, and found the fastest rate to occur at pH 8. They 

also report apparent activation energies of 15.5, 9.6, and 14.6 kcal/ 

mole at pH's 5.5, 8.5~ and 10.5 respectively. Using similar techniques, 

Greenberg and Sinclair (GS) found a maximum rate of polymerization at 

pH 8.6, while Debye and Nauman (04) report a value of pH 7.6. Bechtold 

(Bl) reported a stili lower value of pH 5.3 for the maximum rate of 

polymerization. These maximum-rate pH values span the range that was 

found for gel-time experiments. 

Alexander (A2) and Iler (12) used a freezing-point technique to 

measure changes in the degree of polymerization at low pH. Alexander 

measured a minimum rate of polymerization at pH 3.2 at 2°C. He 

observed that the point of minimum rate shifted to lower pH at higher 

temperatures. This observation was found to be consistent with the gel-

time results which indicated a lower acti.vation energy at lo~t1er pH. 

Alexander proposed that two different mechanisms were responsible for 

polymerization: one with a lower activation energy, catalyzed by hydro

gen ions, and one with a higher activation energy, catalyzed by 

hydroxyl ions. Iler (!3) attributed catalysis in the strongly acidic 

region to the presence of both hydrogen and fluoride iuns, and demon

strated .their catalytic effect; he reported a minimum rate of this cata

lyzed polymerization at pH1.7 (12). 
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Rate of Decrease of Monomer Conce.ntra ti on 

The experimental techniques cited for the study of silica poly

merization all suffer from one common drawback--the silica concentra-

tion required is high, greater than 0.5%. This value far exceeds the 

concentration limit expected in geothermal brines. There is no evidence 

that polymerization in dilute solution will behave in a manner analogous 

to concentrated solutions, or that one can simply extrapolate trends 

found for concentrated solutions. It is therefore advantageous to study 

silica polymerization at concentration levels more closely related to 

natura 1 systems. · Di 1 ute-concentration behavior should permit a closer 

view of the detailed polymerization mechanisms, which can then be 

extended to all concentration ranges. 

A number of polymerization studies in dilute solution have been 

reported in the literature. The technique utilized measures the 

decrease in monomer as a function of time. Its advantage over previous 

methods is that it measures the rate of depletion of a known reactant, 

monosi~icic acid, rather than measuring the rate bf accumulation of ~n 
.. 

undetermined product, polysilicic acids and colloidal particles. The 

disadvantage is the difficulty of preparing pure-monomer starting solu-

tions and measuring only the monosilicic acid concentration in a solu

tion of polysilicic acids. The method utilizes a standard colorimetric 

technique for the determination of monosilicic acid which was discovered 

by Jolles and Neurath (J2) in 1898. Silicic acid monomer will react 

with molybdic acid to produce a colored silicomolybdate complex, 

H4(SiMo12o40 ), whose concentration can be determined calorimetrically 

(S6). The method is not as straightforward as indicated here, and a 

fuller discussion of the proper interpretation of colorimetric data will 
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be given later. Some authors have misinterpreted their data, resulting 

in much confusion in the literature. 

Richardson and Wadden (Rl) first utilized the molybdate technique 

for a polymerization rate study by measuring the amount of monomer left 

in various solutions after a 24-hour period (82). They found that 

within the pH range from 3 to ll, the polymerization rate was fastest 

at pH's between 8 and 9. Goto et al. (Gl, 03) found that the initial 

polymerization rate continually increased in the pH range from 7 to 10, 

in mixtures containing 1500 ppm Si02 initially present as monomer; 

their data indic~te a 0.6 power dependence for hydroxide ion. Kitahara 

(K4) measured the depletion of monomer with time from a 600 ppm solu

tion that was prepared from the· hydrothermal treatment of quartz at 

temperatures in excess of 270°C. He performed runs at several tempera

tures between 0° and 100°C and fitted the data to a kinetic model, 

second-order in total silica, to determine rate coefficients as a func-

tion of temperature. An Arrhenius plot subsequently revealed an acti-

vation energy of 9.8 kcal/mole at a pH of 6. 

The most recent study on silica polymerization was performed by 

Bishopand.8ear (82, 83). They prepared 300 ppmmonosilicic acid solu

tions by dissolving sodium metasilicate in water, acidified to a pH of 

8.5, and measured polymerization rates at temperatures between 25° and 

45°C. They chose to study the additional effect of chloride, perchlo-

rate, and carbonate ion concentration on the rate of polymerization at 

these conditions. These authors also fit their rate data to a second 

order kinetic model and calculated a rate coefficient for the disap

pearance of monomer of 57~ 10-6 liters/mole/sec at 25°C. The present 

authors closely examined Bishop's results, and determined that rate 
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coefficients could be extracted from his data which yielded a linear 

Arrhenius plot over the full temperature range, giving an energy of 

activation of 10 + 1 kcal/mole. This figure agrees well with those 

reported by Munroe et al. (Mll) and Brady et al. (B5). When the cor-

rect calculations are performed, Bishop's raw data yield an apparent 

second-rder rate coefficient at 25°C of 28.3 x 10-5 liters/mole/sec 

{83). Bishop's raw data do indicate that there is a catalytic effect 

of chloride ion, as has been suggested previously (H7), but here too, 

his results appear inconsistent. 

Polymerization f-1echani sm and Reaction Order 
' 

It has been indicated that several \"IOrkers analyzed their data 

according to a second~order rate model. However, the experimental 

results as a whole are far from conclusive as to the reaction order for 

the polymerization of silicic acid: estimates have ranged from 1 to 3 

for the reaction order ~f silicic acid. The data of Hurd and Sheffer 

(H9} and Merrill and Spencer (M2) suggest a reaction third-order in 

silica. in the pH range from 4 to 6, on the basis that a plot of the 

logarithm of the gel time versus the reciprocal square of the total 

silica concentration yields a straight line. (This reasoning is over

simplified because gel points for different total silica concentrations 

do not correspond to the same average degree of polymerization, as pre

viously noted.) However, in the same pH range, Alexander (A2) observed 

that the degree of polymerization varies 1 inearl.Y with time, indicating 

a second-order reaction. In the acid-catalyzed region, for pH's less 

than approximately 2.5, Alexander found that the reaction rate is third

order in silica-a result that agrees with the observations of Iler (!2) 

and Moulik and Ghosh (M7). Katahara (K4) reported that the 
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polymerization reaction is second-order in silica in acidic medium, but 

third-order in basic medium. On the other hand, at high pH (above 9.5), 

Gr~enberg•s (G4) refractive-index data suggest that the rate is first

order in silica. This is in direct opposition to the results of 

Okamoto et al. (03) who claim that Goto•s (Gl) empirical kinetic model 

suggests a reaction third-order in silica. To complicate the picture 

even more, some authors have confused the total reaction order with the 

reaction order of silica alone (B2). 

With regard to the effect of pH, there appears to be more ?gree-

ment, however, the reaction order of hydroxide ion has not been conclu-

sively established. The bulk of the data suggest that hydrogen ions 

catalyze the reaction below pH 2.5; also, that hydroxide ions catalyze 

in the weakly acidic region, and retard it in strongly basic medium. 

The pH corresponding to a maximum rate of polymerization is a point of 

controversy. 

Several mechanisms have been proposed for the polymerization of 

silicic acid. Ashley and Innes (AlO) suggest that the reaction involves 

the collison of an ionized and an unionized silicic acid molecule: 

. I . _ I I . I _ 

-Si-0 + -Si-OH --\... -Si:..O-Si- + OH 
I I ~I I 

( 2 .1) 

To the extent that the rate expression follows the stoichiometry, this 

relation adequately accounts for the dependence of reaction rate on pH 

over all ranges, except in the strongly acidic region where the rate is 

catalyzed by hydrogen ions. Equation 2.1 implies a maximum rate of 

reaction at a pH corresponding to the effective p~ for the silicic acid 
' 

in solution. For at this pH, the numbers of ionized and unionized mole

cules are equal. (This vie\'1 is obviously over-simplified because 
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polymerization yields a distribution of molecular sizes for which the 

individual pKA•s will probably differ.) Above this pH there are excess 

ionized molecules, and below this pH there are excess unionized mole

cules. In both cases the rate of collisions between reactants will be 

reduced, and therefore polymerizatfon will be slower. This simple 

mechanism also accounts for a rise in pH during polymerization which 

has been observed by numerous authors (H6). 

Iler ( Il) has offered an interesting twist to the mechanism shown 

in Equation 2.1 which allows it to be extended to the acid-catalyzed 

region, where Alexander (A2) has proposed that a structurally different 

mechanism is controlling. He adopts a hypothesis, first suggested by 

Treadwell and Wieland (Tl) and later reiterated by Weyl (W2), that 

silicon may have a coordination number of six with respect to oxygen 

atoms in the form of hydroxyl groups. In Heyl •s words: 

W. B. Treadwell and W. Wieland (Tl) published a study 
of silicic acids and mentioned the coordination requirements 
as a distinguishing feature between the chemistry of carbon 
and that of silicon .... Silicon has the coordination number 
of four in silicates, but six in fluorosilicates ... Neither 
the autho~s themselves nor later workers in this field paid 
sufficient attention to the coordination requirement of 
silicon as the factor which is responsible for the polymeri
zation ... Why is the molecule Si(OH) 4 unstable? It meets 
the requirements of tetravalency of silicon and the s;+4 
ion is surrounded by four o-2 ions. However, the coordina
tion numbet of the si+4 ion is six, if the anion is single 
charged, small, or if it has low polarizability. For this 
reason, silicon has a coordination number of six with respect 
to fluorine~ The OH- group has a great similarity to the 
F- ion. . . The two. . . are equi va 1 ent in many structures 
••. The instability of the (monosilicic acid) molecule 
Si(OH) 4 is the result of the incomplete coordination of 
silicon with respect to oH- ions. 

Employing this notion to revisualize the structure of the silicate 

anion, Iler (Il) proposes the following reaction for. converting silicic 

acid monomer to monosilicate ion: 
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OH 
I -~ HO-S
1
i -OH + H20 + OH ....-

OH 
(2.2) 

In the polymerization step, the monosilicate ion reacts to form an 

intermediate product, a disilicate ion, in which each silicon atom has 

a coordination of six. The siloxane bond is subsequently formed as the 

two shared silanol groups condense and split out water: 

OH OH 
I H I 

H 0 I I OH 
2', I ,·Q.. I • · 

, s;' :S{ 
, I '• . I ' 

He(' 1 0' 1 'oH 
I H J 

OH OH 

-1 

OH OH 
I I 

~ H0-1i-O-~i-OH + OH 
OH OH 

Alternately, the reaction could occur by the following mechanism in 

which on~y one silicon obtains a temporary coordination of six: 

Si(OH) 4 + OH-~Si(OH)$ 

OH -1 
I 

Si(OH)$ + Si(OH)4 ~ 
HQ ·1 OH 

' I ,/ 
'si OH 
,. I ', I 

HO • Ji
0
-si -oH 

I I 

OH OH 
I I 

~ Ho-Si-0-Si-OH + OH 
I I 

OH OH 
OH OH 

+ H 0 · 
2 

("2. 3) 

(2.4) 

The reaction in strongly acidic medium can readily be explained by the 

mechanism in Equation 2.3, by assuming that fluoride ion catalyzes the 

reaction in the way Iler has su'ggested (!3): The following three-step 

mechanism involves the formation of a fluorosilicate dimer which estab

lish~s an equilibrium prior to the reaction of an additional monomer 

to form a trimer: 
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I 

H20.. : ,OH 

~ 
H2Q. : /OH 

F- + H20 + Si (OH) 4 ~ _;S
1

i__ 

HO/ I 'OH 
I 

OH 

F OH -1 
I H I 

OH OH 
I I 
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(2.5a) 

_.s
1
i_, + Si(OH) 4 t 

HO' 1 OH 

H2Q .. : /0\ I _..OH 
Si Si 

"'"' I ', I, I '~ 
Ho' I ·O· I 'oH 

I H I 

t F-Si-0-Si-OH + OH + 2H 20 
I I 

OH OH 
I 

OH OH OH 

OH OH ,F-.. /OH 
f I ,' - "" 

F-~i-0-~i-OH + Si(OH) 4 -+- (H0) 4Si,, Si"-
OH OH -- - ,Q/ 0-Si(OH) 

Overall: 

H 3 

OH 
-+- (H0) 3-Si-O-~i-O-Si(OH) 3 + f- + H+ 

dH 

(2.5b) 

( 2. 5c) 

If the first two steps equilibrate quickly such that the third step is 

rate controlling, then the overall reaction will apear third-order in 

silicic acid concentration and first-order in both hydrogen and fluoride 

ion concentration. Iler (13) claims that as little as a few parts per 

million fluoride can greatly enhance the reaction rate at low pH, and 

that this catalytic effectiveness is substantially reduced if metal ions 

are present which complex with the fluoride. 

Preview of the Present Research 

Thepolymerization of silicic acid plays a fundaru2ntal role in 

the mechanism(s) of silica-scale deposition from geothermal brines. To 

understand scale deposition and the rate at which it occurs, one must 
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clearly understand the polymerization process. Although this process 

has been studied extensively since 1930, the reported findings are 

inconsistent, incomplete, and not directly extendable to the dilute 
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concentration levels typical of geothermal brines. The effect of pH on 

the overall reaction rate is understood imprecisely, as seen by the 

widely discrepant values for the reported maximum rate of polymerization. 

In this regard, the ionizati~n of silicic acids is clearly an important 

fact which has been widely overlooked. Polymerization kinetics is 

another area of widespread disagreement. The multiplicity of reaction 

steps and of polymer structures in the polymerization process virtually 

precludes the use of a single reaction rate coefficient and equilibrium 

constant to describe the overall rate of polymerization. Thus, the 

polymerization studies to date give only a qualitative picture of a ·very 

complex polymerization process. 

The present investigation is essentially undertaken as a rate 

study of the condensation reaction between pairs of silanol groups to 

form siloxane linkages. The objective of the research is to split the 

overall polymerization mechanism into its component parts, and to 

establish a reaction mechanism which accounts for the effects of pH and 

of silica. concentration on the rate of polymerization. Such informa

tion should be of value in understanding scale formation (and preven

tion} in geothermal power plants, and should provide a consistent 

fundamental framework for explaining silica behavior under a wide range 

of conditions. 
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Chapter 3 

EXPERIMENTAL METHODS AND PROCEDURES 

Scope of the Experiments 

Previous investigations of the polymerization of silicic acids 

have indicated a strong dependence of the rate on pH and on total sili

con concentration. The results are quite inconclusive, and further 

study is warranted. The present work entails a polymerization rate 

study of silicic acid solutions ranging in pH from 4 to 10 and in con

centration from 300 to 900 ppm total Si02. A single temperature of 

25°C was chosen for all rate runs because it facilitated the experi

mental setup and provided the best compa~ison with previously reported 

studies. 

The disadvantage of employing a low temperature in this study is 

that it is far removed from those in geothermal brines, and therefore 

the specific rate results of the present study cannot be extended 

directly to the rate of silica polymerization in geothermal brines. 

However, the true objectives of the present work are to understand the 

behavior of silica in dilute aqueous solution and to establish a mech

anism for the polymerization of silicic acid which accounts for the 

observed effects of pH and silica concentration on the overall rate. If 

a series of elemental chemical reactions can be deduced from a study of 

the macroscopic polymerization process at one temperature, it is usually 

a relatively straightforward matter to study how each elemental reactio~ 

rate changes with temperature and hence understand how the overall 

reaction rate changes with temperature. 
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Silica Determination by the Molybdate Method 

There are several methods by which one can monitor the rate of 

polymerization of m9nosilicic acid. Many of the proven methods fall 

under the single classification of molecular-weight determination 

methods. These follow the chan'ge of a statistically averaged property 

of the polymeric solution (i.e.9 molecular weight) with time rather 

than measuring the concentration of any one polymeric species which is 

generally difficult and less informativ~. Light-scattering techniques 

give quantitative information on the weight-averaged molecular weight 

of polymeric molecules _in a suitable solvent. The number-averaged 

molecular weight can also be obtained from measuring the colligative 

properties of polymer solutions such as freezing point, boiling point, 

vapor pressure, and osmotic pressure. When applied to silica polymeri

zation in fairly concentrated solutions, several standard molecular

weight monitoring techniques are suitable for a rate study. 

Alternatively, the overall polymerization rate of monosilicic acid 

can be measured by observing the rate of di sappea ranee of monomer. This 

method depends on the ability to measure the concentration of monosili

cic acid in the presence of polysilicic acids, and is ideally suited 

for studies involving small silica concentrations. There is an analy

tical technique which9 to a limited degree, has this capability, and 

this so-called molybdate method is the basis of the present study. 

Because of its importance, the molybdate method will be discussed and 

analyzed in some detail. 

It has been known for more than 75 years that silica will react 

with molybdic acid to yield a yellow complex whose concentration can be 

determined spectrophotometrically (J2). However, it was not until 25 
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years after the original discovery that Dienert and Wandenbuicke (05) 

and Harmori (H2) discovered that only 11 Soluble silica .. and not colloidal 

silica would react with the molybdate. For another 25 years, a contro

versy persisted in the chemical and geologic literature as to the 

exact nature of silica in solution, partly due to the confusion between 

the molybdate result and gravimetric analyses for total silica (R3). 

Silica in solution was repeatedly placed into one of two classifications, 

colloidal or 11 soluble". The latter referred to that form of silica that 

would react with molybdic acid and was generally equated with monomeric 

silica. 

In 1950 Weitz, Francke, and Schuchard (Wl) reported that low

molecular-weight polysilicic acids also react with molybdic acid, but 

at a slower rate than monomer. They found that at 20°C, monomeric 

silicic acid reacted completely in 75 seconds, dimer reacted completely 

in 10 minutes, and higher polymers reacted much more slowly (A3). 

Alexander (A3) found that monomeric silicic acid reacted with excess 

molybdic acid by a first-order reaction whose rate coefficient was 2.3 

min-1 at 25°C. Silicic acid dimer reacted more slowly with molybdate, 

but also by an apparent first-order reaction with a rate coefficient 

approximately equal to 0.9 min-1. Alexander postulated that dimer 

reacts by a two-step sequence of first-order reactions: dimer first 

depolymerizes to monomer, and then monomer reacts with molybdic acid to 

yield the colored sil1comolybdate complex. The slow depolymerization 

reaction is the rate-controlling step for the dimer. 

Alexander was also able to show that higher-order polysilicic 

acids were very slow to react with molybdic acid. His data suggest that 

above a certain degree of polymerization, molybdic acid can react with 
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only a limited fraction of the silica. This fraction of reactive sil

ica decreases with increasing average molecular weight. The same 

behavior was observed by Chow and Robinson {C2) and is consistent with 

the earlier observations that colloidal silica is unreactive with 

molybdate. O'Conner {01) has suggested that linear polysilicic acids 

depolymerize fairly rapidly in the presence of molybdate ions. The 

rate of depolymerization is reportedlyfirst-order in siloxane bond 

concentration {in excess molybdate) with a measured rate coefficient 

of 1.9 min-l. O'Conner has presented data which suggests that the rate 

of depolymerization per siloxane bond of non-cyclic silicic acids {in 

molybdic acid) is affected only slightly by the degree of polymeriza

tion up to hexamer. For example, linear pentamer reacts completely 

with molybdic acid and develops 90% of its color in 3.5 minutes. This 

closely parallels .the rate for_dimer in solutions containing the same 

concentration of silicon atoms. O'Conner suggested that higher polysil-

icic acids are far less reactive, and in some cases non-reactive, with 

molybdic acid because of their ability to form cyclic and three

dimensional structures which are seemingly resistent to depolymeriza

tion. It should be noted that in O'Conner's experiments there is some 

question as to the purity of his so-called n-mer solutions, where 

n = 2, 3, 4, 5, or 6. He prepared these solutions by the acid hydrol

ysis of chlorinated silicic acids. But it is not clear that his silicic 

acid products corresponded exactly to his chlorosiloxane reactants {i.e., 

that depolymerization or polymerization did not occur during the prepar

ation of the silicic acids). 

Strickland {S6-S8) has performed a thorough investigation on the 

nature of the silicomolybdate complex. He found the chemical 
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composition of this compl:x to be H4SiMo12o40 , a strong acid, fully 

ionized and comparable in strength to mineral acids (S7). However, the 

si1icomolybdate ion is reported by Strickland to have two isomeric 

structures, termed a- and 8-silicomolybdata. The former (a) isthe 

more stable structure but absorbs light less strongly than the latter 

form (8); o•conner (01) reported a ratio of extinction coefficients of 

1.77 at 400 m~. · On the other hand, 8-silicomolybdate is more readily 

formed when silicic acid reacts with molybdate under typical analytical 

conditions. The 8-si1icomolybdic acid initially formed is stable for 

short periods of time but spontaneously decays to the a-form by a first

order reaction (S8, 01}. Thus the absorption of light from a solution 

of monosilicic acid and molybdic acid reaches a maximum within several 

minutes, corresponding to all the silicic acid fully complexed in the 

8-form, and then slowly diminishes to an asymptotic value as the 13-form 

is converted into the less strongly absorbing a-form. 

The rate of conversion of 8-silicomolybdate to a-silicomolybdate 

is dependent on temperature, pH, and electrolyte concentration. 

Strickland (S8} reported that the first-order rate coefficient at 20°C 

is 2.87 x 10-3 min-1, butat 100°C the conversion of 8 to a is complete 

in 20 minutes. (The pH, the initial 8-concentration, and the concen

tration of excess molybdate were not reported.) o•conner (01) reported 

a rate coeff.icient for the 8 to a conversion of 1.17 x 10-3 at 25°C and 

a pH of 1.5. His molybdate reagent was prepared by the method of 

Alexander (A3), which was "llso the method employed for the present 

.. study. Strickland (S8) also discovered that the conversion of 8 to 

a-silicomolybdate is increased at higher pH and in the presence of 

higher electrolyte concentrations, notably sulfate ion. Excess 
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molybdate retards the rate of conversion but does not stabilize the 13-

form. Excess molybdate also diminishes the effect of temperature and 

electrolyte. 

The rate of reaction between molybdic acid and monosilicic acid 

has also been found to depend on pH. The reaction is very slow at high. 

hydrogen ion concentrations {1 N) and increases with increasing pH (S7). 

The rate attains a maximum between pH l and 2, and decreases at higher 

pH's. The molybdic acid is generally prepared by neutralizing a molyb

date salt, and it has been established that the amount of added acid 

influences the amount of 13-silicomolybdate formed relative to the amount 

of a-silicomolybdate. In solutions with up to 1.5 equivalents of acid 

per mole of Mo04, a-silicomolybdate is the principal product formed. 

For ratios greater than two equivalents of acid per mole Moo;, 13-sil-i

comolybdate is the sole product formed {S6). The latter case corres

ponds to the one encountered in most analytical techniques. 

The simplest molybdate ion, Mo04, is the prevalent species in 

solutions with pH's greater than 6.5 {MlO). This ion is formed from 

the double dissociation of hydrogens from the dibasic acid: 

0 0 - 2 
. n I + 

HO-Mo-OH ~ 0...-.Mo--0 + 2H 
A & 

Resonance stabilization undoubtedly permits the sharing of the negative 

charges on all four oxygen atoms, and probably accounts for the high 

strength of simple molybd-i\: acid. As the pH is lowered, molybdic acid 

molecules can polymerize in the same manner that silicic acid molecules 

do--through the formation of oxygen linkages between molybdate mole

cules. 
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The most likely structure for the silicomolybdic acid as pictured 

by Keggin (Kl} contains a silicon-oxygen tetrahedron at the center with 

four equivalent Mo309H groups attached to the central oxygens: 

9[Mo3o9H] 

l 0 0 0 . 
d I l 

[H09Mo3]-o-s
1 

i -0-M~-0-~o-0-~o-OH 
0 0 0 

O[Mo3o9
H] 

The OH groups on each of the terminal molybdenum atoms are strongly 

acidic and hence are mostly ionized at pH's corresponding to the opti-

mum color development range of 1 to 2. Although it is difficult to 

explain why each molybdate chain contains only three molybdenum atoms, 

·the silicon:molybdenum ratio is always found to be 1:12. 

In the authors• view, the molybdate trimer chains are cyclic, not 

linear, thus explaining the preponderance of only three-member side 

chains which do not further polymerize: 

The ionized form of this acid chain can also exhibit a resonance 

stability. The cyclic side-chain theory has further appeal in that it 

readily accounts for isomeric structures which can arise as follows: 

/\ 
n = M

1
cr4o= 

1 q~o-~o "- I o\ J 
-Si-0-Mo 0 ---;;;;;ao;;a -Si-0-Mo=O 

I & "-o-~/ I o1
H · 

(hypothetical B-form} (hypothetical a-form) 
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From this model of the silicomolybdate-complex structure, it is 

likely that the complex is formed by condensation between silanol 

groups on the silicic acid molecule and ionized (-0-) groups attached 

to molybdenum atoms: 

OH 
I - -HO--Si--OH + 0 Mo3o9 

o'H 

OH 
I 

t. HO--Si -0 
o1
H 

( 3 .1) 

The reverse reaction is known to occur, in which the silicomolybdate 

complex can be destroyed by subjecting it to strong base (57). 

It has been suggested that polymeric silicic acids react with 

molybdic acid by first depolymeriting to monomer. However, if one pic

tures the forward polymerization reaction to occur by reaction between 

a .neutral and an ionized silicic acid molecule to yield a siloxane bond 

and a hydroxide ion, then the reverse reaction must proceed through the 

same path, only in reverse. That is, a hydroxide.ion must react to 

split a siloxane bond into a neutral acid and a silicate ion: 

J I _ I I 
-Si-OH + -Si-0 ~ -Si-0-Si- + OH 

I I I I 

But at the low pH of the m9lybdate-silicic acid solution, pH 1-2, very 

few hydroxide ions are present and thus depolymeriza~ion should not be 

as rapid as h~s been postulated. Something must be catalyzing the 

depolymerization, and the most likely candidate is the molybdate ion 

itself: 
I I _ _ t. _ I 

-Si-0-Si- + 0 Mo3o9 +- S
1
1-0- Mo3o9 + -Si-0 

I I 
(3.2). 

The silicate ion produced in this reaction, being the base of a 

very weak acid, quickly reacts with a hydrogen ion to produce an union-

ized silanol group. From the experimental evidence of Alexander (A3) 
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and O'Conner (01), it is apparent that this reaction (Eq. 3.2) is 

slower than the reaction between a molybdate ion and a monosilicic acid 

molecule (Eq. 3.1). O'Conner's idea that three-dimensional and cyclic 

silicic acid molecules are unreactive can be employed to explain why 

molybdate does not react with colloidal or high-molecular-weight silicic 

acid molecules. 

The analytical technique which measures the silica in a solution 

by reacting it with excess molybdate to form a silicomolybdate complex, 

SiMo12o40-4, is commonly r~ferred to as the molybdenum yellow tech

nique because of the color of the complex that is subsequently formed. 

An alternate procedure has been devised in which the yellow silicomoly

bdate complex initially formed is reduced by the addition of a reducing 

agent to form a blue silicomolybdous complex. The S-silicomolybdate 

yields a single reduced product while the a-silicomolybdate yields two 

products depending on the degree of reduction (S7, S8). The standard 

molybdenum blue technique occurs in the following steps (MlO): (a) The 

silica sample is mixed with the molybdic acid and allowed to react for 

ten minutes (at approximately 25°C). (b) Strong acid is then added to 

quench the reaction and prevent the subsequent reduction of the unre-

acted molybdate reagent. (c) A suitable reducing agent is added to 

convert the S-molybdate complex to a S-molybdous complex whose color is 

quite stable. 

Mullin and Riley (MlO) consider that the molybdenum yellow tech-

nique suffers from the following disadvaritages and is therefore less 

desirable than the molybdenum blue method: (a) The color is stable for 

only 5 minutes, thereafter it fades due to the s to a conversion. (b) 

. The absorption maximum for S-silicomolybdate complex is overlapped by 
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that of excess molybdate reagent used in its formation, hence the 

absorption measurement must be made in a region where the 8-complex 

absorbance is changing rapidly with wavelength. (c) The sensitivity is 

inadequate for the determination of low silica concentrations, less 

than 0.1 ppm. (d) At high silicomolybdate concentrations, Beer's Law 

is not obeyed, suggesting that more than one form of the complex is 

present. 

In the present work, the yellow molybdate method was utilized, 

and the criticisms of Mullin andRiley were not found to be valid. 

The present author disagrees strongly with the statement that the B

complex is only stable for five minutes. The present findings are in 

agreement with those of O'Conner (01), and indicate that the molybdate 

method of Alexander (A3) gives a a-complex which is stable for up to 30 

minutes at 25°C. In fact, in the present study all absorbance readings 

were made within 10 minutes after the initial mixing of silica with 

molybdate reagent. Any molybdenum blue method would require an equal 

time for yellow color development before reduction to the blue color. 

The only advantage of the molybdenum blue method in regard to stability 

is that it would permit one to make absorbance readings at any time 

following the development of the blue color, rather than requiring 

. measurement within 15 to 30 minutes as for the yellow a-complex. 

Mullin and Riley's statement that the a-molybdate absorbance 
,, ~· 

changes markedly with small changes in wavelength does not appear to be 

a valid criticism at the wavelength of 400 mll which was chosen for this 

study. The spectra shown in Figure 3.1 for a-silicomolybdate shows 
\ 

that the absorbance is not flat at a wavelength of 400 mll, but the 

slope is not so large that it causes significant errors in the 
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absorbance readings due to slight errors in the wavelength setting. 

(In fact, during the course of all present experiments, the wavelength 

was set once at 400 nm and not readjusted.} In Figure 3~1, Curve 1 is 

the absorbance of the st~ndard molybdate reagent against a reference of 

0.1 N HCl. Curve 2 is the absorbance of the same molybdate reagent 

containing 8.2 x 10-4 moles/liter of B-silicomolybdate versus a molyb~ 

date reagent blank. The measurements were made on a Cary 14 scanning 

spectrophotometer between the wavelengths of 350 and 450 m~. The hori-

zontal line at zero optical density is a double trace of the baseline 

for the two runs. 

Regarding the sensitivity of the molybdenum yellow method, it is 

true that errors become appreciable below a concentration of 0.1 ppm, 

but in the present experiments, the lowest concentration measured was 

2.5 ppm. It should be noted that in typical experiments, silica sam

ples were diluted approximately 50 times in the normal analytical deter-

mination process. Therefore a sample from a polymerizing solution that 

was 0.01 molar in total silicon atoms, would produce upon analysis a 

0.0002 molar solution of B-silicomolybdate complex {provided all the 

sHica reacted with the molybdate), or 12· ppm in terms of equivalent 

The deviation from Beer's Law for the higher concentrations of 

8-silicomolybdate complex is a valid critictsm and has been noted both 

by Strickland (S7, 58,} and the present authors .. This fact is a 

minor hindrance in the analytical determination of silica concentra

tions, not a major drawback. It means that concentrations cannot be 

obtained by simply multiplying the recorded optical densities by a 

constant factor. Instead a calibration curve must be obtained initially 
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from which optical densities can be related directly to concentrations. 

The calibration curve prepared for this present study is shown in 

Figure 3.2. ·The deviation from Beer's Law (straight line) is not large, 

and is only noticeable at silica concentrations above 8.5 ppm (corres

ponding to feed-solution concentrations of 425 ppm silica). The pro

cedure for obtaining the calibration in Figure 3.2 will be discussed 

shortly. 

The question arises as to what silicic acid species contribute to 

the color development that reaches a maximum in five minutes, which was 

the longest time required to reach maximum color development in most of 

the present experiments. If a solution sample contained pure monomer, 

then a maximum optical density would be expected in 2 minutes based on 

the observations of Weitz et al. (Wl), Alexander(A3), and O'Conner (01). 

If a silica sample contains only colloidal silica, which apparently does 

not depolymerize in molybdate at any observable rate, then no color 

would develop. O'Conner has claimed that a 5-minute maximum color 

could contain contributions from all low-molecular-weight linear sili

cic acids. However, there is no real way of knowing precisely what 

species contribute to the color development. Unless the maximum color 

is developed in 2 minutes, it is incorrect to assume that the indicated 

silica concentration in the initial sample was all monomer. 

In Chapter 4 a method will be discussed which permits an estimate 

to be made of the initial monomeric silica content, based on the initial 

rate of color development of the S-silicomolybdate complex. At that 

time evidence will be presented for 5-minute maximum readings to indi

cate that anywhere from half to two-thirds of the total silicon detected 

was initia·lly in the fonn of monosilicic acid. The remainder of the 
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detectable silica was present in diminishing quantities of dimer, 

trimer, tetramer, etc. A maximum reading in 4 minutes indicates a 

higher percentage of silicic acid monomer in the detectable silica; and 

in the limit, of course, a 2-minute reading indicates that all the 

analyzed silica was present as monomer. 

Thus the conclusion is reached that the maximum molybdate color 

reading does not necessarily correspond to a detection of monosilicic 

acid alone, but to a weighted sum of the concentrations of the very

low-molecular-weight silicic acids. (The dimer concentration is 

weighted double, the trimer weighted triple,1 etc.). In the analysis of 

the present experiments,, the rate of polymerization of silicic acid has 

been estimated by observing the change with time of the amount of 

silica in solution that will react with molybdate in 5 minutes. In 

most cases a maximum optical density reading was obtained before this 

S~inute deadline. Since the molybdate analysis gives slightly more 

than just the monosilicic acid concentration in solution, it is incor-

rect to equate the above rate to the rate of disappearance of monomer 

from the polymerizing solutions. It is more correct to associate the 
"' observed rate with the somewhat more general reaction: 

Low-Molecular-Weight 
Silicic Acids ---~ 

(Calorimetrically deter
minable in 5 min. at 25°C) 

Highly Polymerized Silica 
and Colloidal Particles 
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Experimental Procedures 

Silica Analysis 

The molybdenum yellow method was essentially that of Alexander 

(AJ}, with slight modifications. The molybdate reagent was freshly 

prepared each day from an ammonium molybdate stock solution, prepared 

by dissolving 100 gms of crystalline ammonium molybdate (Mallinckrodt 

Analytic Reagent (NH4)6Mo7o24 . • 4H20) in doubly deionized water and 

diluting to one liter. The molybdate reagent was prepared by mixing 

40 ml of ammonium molybdate stock solution with 100 ml of 1 N HCl and 

500 ml doubly-deionized water and diluti.ng to one liter. The resulting 

mixture has a ratio of acid equivalents to moles of Mo04 of 4.41, a pH 

of approximately 1 .4, and a concentration of equivalent Mo 12o40-4 of 

1.88 x 10-J moles/liter. According to Strickland (S6), this solution 

will initially produce only the S-silicomolybdate acid complex. All 

reagents were stored in polyethylene, polypropylene, or teflon con

tainers to avoid contamination with silica from glass. 

All silica analyses were performed in the following manner: 50 

ml of freshly prepared molybdate reagent at 25°C was pipeted into a 

250-ml polypropylene beaker. To this solution was added a 1-ml portion 

of a silica sample of unknown concentration, and the time was recorded 

upon addition by a stop watch. The solution was stirred vigorously for 

15 seconds, after which approximately 10 ml was transferred to a Bausch 

and Lomb absorption cell (a l/2-inch-diameter, 4-inch-long test tube), 

and the increasing optical density with time was recorded at 400 mll in 

a Bausch and Lomb Spectronic 20 Colorimeter. Maximum color development 

(optical density) was usually observed within 5 minutes, and this color 

remained stable for more than 30 minutes. In all instances the 100% 
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transmittance point was established for the cell containing the molyb

date reagent alone. 

The molybdate color reaction with silicic acids was found to be 

strongly dependent on temperature. It is therefore meaningless to talk 

in terms of a maximum reading within five minutes, without specifying 

the temperature of the reaction. For example, monosilicic acid report

edly reacts with excess molybdic acid in 2 minutes at 25°C (A3). At 

lower temperatures the maximum optical density will be developed in 

appreciably longer times. Approximate experiments by the present 

author indicate an activation energy of 20 kcal/mole for the·molybdate 

color reaction in the temperature range from 18 to 30°C. The experi

ments were approximate because the temperature of the absorption cell 

was not maintained precisely at the initial temperature of the reaction 

mixture. 

As previously indicated, the initial temperature of the color 

reagent used in all present experiments was 25°C. Color development 

samples were placed into the colorimeter within 1 minute after with

drawing the 50 ml of color reagent from a water bath at 25°C. Although 

the absorbance cells were not thermally regulated, it is unlikely that 

the temperature within these cells was lowered by more than 1 degree 

from the initial temperature during the course of 5 minutes, since the 

room temperature .ranged from 18 to 22°C. Any tendency for the cells to 

cool was also counteracted by the irradiation of the cell with light 

(however, this never caused the cells to heat up). As a final note 

regarding temperature, it was determined experimentally that the extinc

tion coefficient for the 8-silicomolybdate complex at 400 mu was rela

tively insensitive to small changes in temperature. 
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The standardized curve for concentration versus optical density 

was prepared by mixing known concentrations of sodium metasilicate 

crystalline reagent {Na 2Si03 • 9H20) in deionized water and measuring 

the maximum optical densities developed. It was virtually assured that 

all the ~ilica in solution reacted with molybdate to produce the col-

ored complex, because the pH of the metasilicate solution was greater 

than 11, where most of the silica is in the form of silicate monomer 

ions. When small portions of this solution {1 ml) were mixed with 50 

ml of color reagent, all the silicate ions were converted to silicic 

acid at essentially the same pH {1 .4) as that of the molybdate reagent. 

The polymerization of silicic acid is very slow at this pH (and degree 

of dilution) so all the silica remains predominately monomer and reacts 

completely with the molybdate reagent. 

Two experiments were performed to verify these conclusions. 

Sodium hydroxide pellets were added to the metasilicate solution to 

raise the pH above 13 {peptizing), and the solutions were aged several 
' 

days. At this high pl-:l, up to about 0.5% total silica, all polymer 

(even colloidal particles), will depolymerize rapidly and completely to 

monomer. The peptized and unpeptized solutions yielded identical maxi

mum optical densities. To show that silica polymerization does not 

occur in the molybdate reagent, thereby rendering some of the silica 

undetectable, the initial metasilicate solution was acidified to a pH 
,. 

of 1.4 with concentrated HCl and aged for 4 hours before a color deter-

mination was performed. The same maximum optical density reading was 

again obtained. 

Preparation of Silicic Acid Solutions 

The silicic acid solutions used in the rate experiments were 
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prepared in the following manner: Concentrated silicic acid solutions 

were prepared according to the method of Alexander (A4) by dissolving 

1.9 gms of pulverized crystalline sodium metasilicate (J. T. Baker 

reagent grade) in a vigorously stirred slurry of 200 ml of doubly 

deionized water, 2 ml of 1 N HCl, and approximately 75 gm of moist 

hydrogen-form ion-exchange resin (Dowex 50-XB, 20/50 mesh). The acid 

slurry was kept at 2°C in a 400 ml polypropylene beakersuspended in 

an ice bath, and the metasilicate was added slowly over a 5-minute 

period to reduce the likelihood of polymerization. The mixing was then 

continued for an additional 10 minutes. According to Alexander, this 

method yields a solution of predominantly monosilicic acid, with a 

degree of polymerization of 1.1. The ion exchange resin removes the 

sodium ions from solution, and the excess acid in solution keeps the 

pH at approximately 2.5 to prevent premature polymerization. Moist, 

rather than dry, resin was used to prevent a large amount of uptake of 

the initial water charge. 

From an analysis of this stock solution, the silica concentration 

was found to be approximately 10 to 15% less than would be predicted· 

(0.0333 moles silicon/liter) by assuming the 1.9 gms of sodium meta

silicate dissolve completely in 200 ml of water and 2 ml of 1 N HCl. 

Possible explanations for this are: incomplete dissolution, contribu

tion of additional water from the resin, incomplete silica analysis, or 

loss of soluble silica into the solid resin phase. Of these possibili

ties, supplementary experiments ruled out the first three, and only the 

last one is tenable. The loss of some silica in the resin was not a 

serious problem, because the silica concentration in the stock solution 

was always checked calorimetrically before further sample preparation. 
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After the 10 minutes of additional mixing, a measured amount of 

stock solution was decanted and transferred to a separate beaker, also 

suspended in an ice bath. This portion of stock was subsequently 

mixed with a predetermined amount of dilute base at elevated tempera

ture to yield a final solution of specified silica concentration and 

pH at a temperature of 25°C. The moment of mixing corresponded to zero 

time for the polymerization rate experiments. In the initial set of 

experiments, sodium hydroxide* was used to raise the pH of the stock 

solution to the level desired for the rate experiments. However the 

resulting solutions were inadequately buffered, and pH changes during 

the course of polymerization were considerable. To provide buffering 

capacity, a second set of runs was made in which sodium acetate and 

sodium acetate/sodium hydroxide mixtures were used. A trial procedure 

was utilized to decide how much base should be added to the measured 

stock to achieve the desired solution for the polymerization experi

ments: A small portion of additional stock was titrated and diluted 

simultaneously to the desired pH and concentration endpoint. The 

resulting equivalents of base and amount of added water were appropri

ately scaled so that the neutralizing solution for the measured stock 

solution could be prepared and subsequently heated in a water bath. In 

all runs a final solution volume of 200 ml was sought. 

* The.reason for first removing and then adding sodium ions lies in the 
desire to minimize the amount of excess electrolyte. The stated method 
contributes four to five time~ less Na (and similarly, Cl) than would 
be contributed by simply neutralizing sodium metasilicate with HCl. 
There was also the desire to utilize Alexander's proven method of 
preparation. 



72 

Rate-Experiment Procedure 

To initiate the polymerization rate run, the measured stock solu

tion at 2°C and the heated base solution were quickly mixed in a 250-ml 

polypropylene erlenmeyer flask which had previously been placed in a 

10-liter water bath at 25 +O.l°C. The temperature of the bath was 

thermostatically regulated by a mercury contact thermometer and heated 

by a 780-watt submerged coil heater. At the instant of mixing a stop 

watch was started to monitor the polymerization time, and simultaneously 

a "time equal~ zero'' sample was withdrawn for analysis. With suffici~nt 

practice using this experimental technique, an initial temperature of 

25 .±_ 0.5°C could be obtained. The initial pH determination of the 

reaction solution was performed following the initfal silicate analysis, 

approximately 3 to 5 minutes after the start of the reaction. Most pH 

measurements were made on a Chemtrix type 40 E expanded-scale pH meter 

with a combination electrode, standardized with the appropriate Beckman 

buffer solution (4, 7, or 10). A few measurements were made using a 

Beckman Zeromatic pH meter with standard glass and calomel reference 

electrodes. 

To monitor the polymeriz!ltion rate, 1-ml samples were withdrawn 

from the reaction solution and quickly added to 50 ml of molybdate 

reagent, freshly pipeted from a reservoir suspended in the same temper

ature bath. The frequency of sampling depended upon the reaction rate 

which varied widely for different experimental conditions. Generally 

a given run was sampled 10 to 15 times during the course of reaction 

from initiation to fi na 1 equilibrium. pH readings usually fall owed 

silicate analyses, but occurred at a somewhat lower sampling frequency. 

All runs were characterized by a decrease in the amount of detectable 
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silica per sampling; runs with the highest silica concentrations 

(greater than 800 ppm Si02) showed the highest percentage decreases 

in the amounts of detectable silica, as much as 85%. 
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The zero-time analyses for each polymerization rate experiment 

were actually 15- to 30-second readings because of the time lag between 

initially mixing the solution, withdrawing the sample, and adding the 

sample to the molybdate reagent. The latter step essentially quenches 

the reaction becaus.e the pH is lowered instantly to a region where the 

polymerization rate is relatively slow. In most runs the detectable 

silica concentration after this 15- to 30-second lag did not differ 

from the concentration of the stock solution alone, dilution factors 

being taken into account. For some reaction conditions, however, the 

polymerization rate was very high, and a significant lowering of the 

detectable silica concentration was noticed for these first few seconds 

of reaction. For all silica samplings after the initial one, the 

recorded reaction times correspond to the point at which the 1-ml sam-

ples were added to the molybdate reagent and not to the times when 

withdrawal of the samples was begun. 

Equilibrium Studies 

Mdst of the polymerization runs were terminated before true equi-
. . 

librium concentrations·were established. Here equilib~ium refers to the 

point at which rio further changes were observed in the levels of detect~ 

able silica. To establish precise equilibrium concentrations under 

varying initial conditions, a separate set of mixtures was prepared and 

allowed to sit unperturbed for extended periods of time. Two sets of 

equilibrium studies were run, both at room temperature.- Room-temperature 

runs greatly facilitated the experimental setup, and the results probably 
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do not differ significantly from those that would have been obtained at 

25°C. In the first set of studies, concentrated solutions of 816 and 

409 ppm Si02, were each prepared at pH•s of 7, 8, 9, and 10. The solu

tions were sampled intermittently over a 4-month period to establish 

an equilibrium concentration of silica. In a second set of experi

ments, the total concentration of silica was varied over a much broader 

range. Two sets of seven samples each were prepared at pH•s 7 and 10 

in which the concentration ranged from 200 to 1800 ppm ~io2 . In all 

equilibrium runs, the manner of preparing the silica solutions was 

similar to the one used for the solutions in the rate studies, except 

-that only sodium hydroxide was used to adjust the pH. The solutions 

were stored in polyethylene bottles with screw caps. As will be shown 

in the next chapter, the silica concentrations obtained from these 

separate equilibrium studies agreed well with the apparent asymptotic 

values in both the buffered and unbuffered rate experiments. 
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Chapter 4 

EXPERIMENTAL RESULTS 

In this chapter, the experimental results of this study are pre

sented in graphical and tabular form, and an explanation of the calcula

tions is given. The presentation comprises three categories: equili

brium measurements;. molybdate color development study; and rate runs, 

for which raw data are tabulated in Appendix 1~ Interpretation of all 

these results is reserved for Chapter 5. 

Equilibrium Results 

The first group of equilibrium runs is presented in Tables 4.la 

and 4.~b. All silica concentrations are expressed in parts per million 

s;o2. These concentrations were obtained by the molybdate yellow 

method and indicate the amount of calorimetrically detectable silica in 

5 minutes, hereafter referred to as Me-detectable silica~ As previously 

noted, most samples yielded a maximum color development in under 5 min-

utes. For freshly prepared samples, the Me-detectable silica concentra

tion is equal to the total silica concentration. Of the runs shown in 

Table 4.1a, four samples, 1.1, 1.2, 1.3, and 1 .4, were allowed to age 

for two weeks. At that time samples l.l and 1.3 were diluted 3:1 with 

distilled water, while samples 1.2 and 1.4 were diluted 1:1, and aging 

·was then continued for an additional 37 days. Although true equilibrium 

values were not obtained for either set of runs, it is apparent that an 

equilibrium state was being reached from both sides. The undiluted 

samples show a polymerization trend marked by a decrease in the amount 

of Me-detectable silica, while the diluted samples exhibit depolymeri-
' 

zation as indicated by an increasing level of Me-detectable silica. 
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Table 4.la 
Equilibrium Studies--Set 1, High Concentration 

First Phase of Aging 
Initial Anal~sis Anal~sis After Aging 

Mo-Detectab l e Si02 (Qem) 
Total 

Sample Si02 Duration 
No. {QQm) £!!. (da~s) £!!. Total Un-ionized 

1.1 816 10.00 9 10.35 367 80.5 
14 10.36 370 79.8 

1.2 816 9.00 9 9.35 145 107 
14 9.05 141 120 . 

1.3 816 8.00 9 8.50 131 126 
14 8.11 138 136 

1.4 816 7.08 9 6.65 122 ·122 
14 6. 72 127 127 

Second Phase of Aging* 
Initi a 1 Anal~sis Anal~sis after Additional A9ing 

Me-Detectable Si02 ( QQm) 
. 

Addition a 1 
Sample Nominal Duration 

No. Total Mo-det. eH (da~s) £!!. Total Un-ionized 

1. 1' 612 275 10.36 37 10.15 293 90 

1.2' 408. 70 9.05 37 7.90 129 127 

1.3' 612 104 8.11 37 6.95 125 125 

1.4' 408 64 6.72 37 6.35 123 123 

*Using samples from the first phase, aged 2 weeks and then diluted. 
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For runs at lower pH, an equilibrium level of Me-detectable sili

cic acid (un-ionized at low pH) appears to lie below 130 ppm and above 

100 ppm. However, at high pH, the level of detectable silica is con

siderably higher. This can be explained readily by a low equilibrium 

concentration level for silicic acids, but a high level for silicate 

anions, as indicated by Alexander et al. (Al) in explaining the rapidly 

increasing solubility of amorphous silica. At high pH the silicate ions 

present in solution are converted into the un-ionized acid when mixed 

with the molybdate color reagent, and therefore ~ontribute to the 

molybdate color development. 

The total Me-detectable silica concentrations can be adjusted by 

dividing by the factor (1 + KA/H+) to give only the concentration of 

un-ionized silicic acid molecules as shown in Table 4.1a. RA is an 

effective average acid ionization constant, since the solution sample 

contains a mixture of silicic acids (monomer, dimer, trimer) that con-
. - -9 8 

tribute to the color development. A value of KA of 10 · , the 

reported dissociation constant for monomeric silicic aci~has been used 

here. For pH's below about 8~0, where nearly all monomeric silica is 

in the un-ionized form, the correction factor has little effect. On 

the other hand, for pH's equal to or greater than pKA' slight errors 

in the recorded pH or the assumed value for KA can introduce signifi

cant errors in the adjusted concentrations. 

Table 4.lb shows the results for similar equilibrium runs in 

which the initial concentration was approximately 50% smaller and the 

aging time was increased. Again equilibrium concentrations are not 

quite reached, but the values after 119 days appear to be very close 

to a true asymptotic value. For samples 1.6 - 1.8, this level appears 
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Table 4.1b 
Equilibrium Studies--Set 1, Low Concentration 

Initial Anallsis Ana1lsis After Aging 

Total Me-Detectable Silica 

Sample Si02 Aging Time (ppm) 

No. (ppm) pH (days) . pH Total Un-ionized 

1.5 409 9.97 12 10.22 354 97.4 
19 . 9.68 327 . 186* 

49 10.20 311 88.7 
119 10.10 284 '94.8 

1.6 409 9.00 12 8.95 132 115 
19 8.30 136 132 
49 7.70 123 122 

119 7.55 114 113 

1.7 409 8.15 12 7.46 132 131 
19 7.00 130 130 
49 7.10 119 119 

119 7.00 110 110 

1.8 409 7.00 12 6.47 132 132 
' 19 6.40 128 128 

49 6.45 123 123 
119 6.33 109 109 

*See text for discussion. 

to be approximately 110 ppm--nearly identical to the reported solubility 

of amorphous silica at 20°C. For the high-pH sample, No. 105, the 

adjusted concentration is lower than 110 ppm, but near it, even though 

the total concentration is much greater. As noted previously, the high

pH-va 1 ue deviations from 110 ppm could be due to pH-measurement errors. 
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One striking fact apparent from the data in Tables 4.la and 4.lb 

is that there is a pH decrease in aging solutions. There appear to be 

some discrepant pH readings in Table 4.1b, notably for the 19th day, 

but this particular set of readings is not sufficient to contradict the 

steadily, decreasing trend. A decrease in pH with polymerization seems 

to be the reverse of the situation for the formation of silicic acid 

gels, .for which numerous studies, including the present one, have 

shown an increase in pH. 

The results of the first set of runs indi~ated that the level of 

detectable silica in solution would decrease to an asymptotic value 

which corresponds to the reported solubility of amorphous silica--a 

conclusion previously reached by Krauskopf (K5). In addition, the 

equilibrium concentration of un-ionized silicic acid appeared to be 

independent of pH. Because of the experimental scatter in this set, a 

second set of experiments was run. The results of Set 2, shown in 

Table 4.2, clearly indicate that an equilibrium 11 Solubility 11 is 

approached with respect to the concentration of Me-detectable silici. 

For the low pH runs, Nos. 2.1 - 2.6, the final concentration of detect

able silica is remarkably constant, 122.5 ± 0.4%, for initial concentra

tions of silica that range from 442 to 1769 ppm, a four-fold range. 

Only the lowest concentration (Run 2.7) appears to disobey the trend, 

due either to extreme sluggishness of the polymerization reaction or to 

an error in preparing or analyzing the sample. 

It is unlikely that 122.5 ppm represents a true equilibrium con

centration. With further aging the concentration of detectable silica 

would probably continue to ~how a slow decrease until a concentfation 

of approximately 110 ppm was reached, as was indicated by the results 
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Table 4.2 

Equilibri-um Studies-Set 2 

Initial Anal~sis Anal~sis After Aging 
Total Me-Detectable Silica 

Samp1 e Cone. Aging Time 
No. (EEm} £!:!. (da~s) E!:!. Total Un-ionized 

2.1 1769 6.70 34 p.52 125 125 
48 6.40 122 122 

2.2 1326* 6.60* 34 6.45 128 128 
48 6.35 123 123 

2.3 1105* 6.43* 34 6.43 128 128 
48 6.27 122 122 

2:4 884* 6.30* 34 6.30 131 131 
48 6.24 122 122 ' 

2.5 663* 6 .20* ' 34 6.35 123 123 
48 6.22 ' 122 122 
57 6.22 123 123 

2.6 442* 6 .13* 34 6.04 134 134 
48 5.98 123 123 

2.7 221* 6.06* 34 5.75 242.5a 242.5 
48 5.25 226.7a 226.7 

2.8 1769 10.00 34 10.5 607 101 
48 10.25 596 156 
57 10.37 571 121 

2.9 1326* 9.88* 34' 10.35 450 99 
48 10.05 420 151 
57 10.20 418 119 

2.10 1105* 9.80* 34 10.10 360 120 
48 9.96 319 130 
57 9.95 310 128 

aSee text discussion. 
* Estimated from dilution conditions of sample Nos. 2.1 and 2.8. 
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Table 4.2 (continued) 

Initial Anal~sis Ana1lsis After Aging 
Total Mo-Detectab 1 e Silica Sample Cone. Aging Time 

No. (~~m} E!! (da~s} P!i Total Un-ionized 

2.11 884* 9.70* 34 10.1 318 106 
48 9.90 302 134 
57 9.98 302 120 

2.12 663* 9.57* 34 9.67 198 114 
48 9.06 144 121 
57 9.05 133 113 

2.13 442* 9.39* ~4 9.80 221 111 
48 9.57 201 126 

2.14 221* 9. 19* 34 7.84 142 142 
48 7 .55· 136 136 

* Estimated from dilution conditions of sample Nos. 2.1 and 2.8. 

of Set 1. For the results at high pH, samples 2.8- 2.14, the 

adjusted concentrations show more scatter, but considering the preci

sion in the adjustment method, the agreement with the low pH runs is 

very good. (It can be postulated that if the samples were maintained 

at 25°C, an equilibrium concentration of 120 ppm would have been 

observed, corresponding to the solubility of amorphous silica. 

Sample~ 2.2 to 2.7 and 2.9 to 2.14 were prepared by diluting por

tions of samples 2.1 and 2.8, respectively. As indicated, the initial 
I 

pH and concentration for a 11 but samp 1 es 2. 1 and 2. 8 were ca 1 cu 1 a ted 

from dilution conditions, rather than measured. The calculated silica 

concentrations are quite accurate, but the pH calculations are less so 
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because the pH of the de-ionized water used to prepare the dilutions 

was unknown; a pH value of 6.0 for the latter was determined by a later 

measurement. 

The measured pH changes for Set 2 show the same downward trend 

that was observed for Set 1. For samples 2.8 to 2.14 it is apparent 

that the initial phases of polymerization are characterized by a pH 

increase. During the course of polymerization, .the pH reaches a maxi

mum value and then begins a downward trend. In only one instance 

{sample 2.12) was the pH observed first to increase and then to decline 

enough to fall below the initial value. However, such behavior was 

observed at lower pH•s for many closely monitored, unbuffered rate 

runs. 

Color-Development Studies 

In all cases, analytic samples of the equilibrium solutions 

yielded maximum optical density readings well within five minutes. As 

Figure 4.1 suggests, the color-development reactions were all 97% com

plete within three minutes. The rate curves all appear to follow first-

order irreversible rate expressions with rate coefficients as indicated. 

Aged samples at higher pH produce slower rates of reaction, except for 

the peptized sample, which shows the fastest rate of color development. 

This can be attributed to th~ fact that only monomeric silica exists at 

this high pH, and thus reaction with molybdate is very fast. The ·ather 

samples contain varying amounts of polymeric silicic acids and ions 

which react less quickly with molybdate. 

The measured rate coefficient for the peptized sample is 2.05 

min-l at 24.5°C. Usin~ the approximate activation energy of 20 kcal/ 

mole to adjust the 24.5°C reading to 25°C, the present value ·is 
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2.17 min-1, only 5.7% lower than the value reported by Alexander (A3), 

2.3 min-1. It should be noted that the total Me-detectable silica con-

tent for the peptized No. 2.5 sample is 4~8% higher than the total sil

ica content of sample No. 2.5 (663 ppm); the difference is not large. 

Another peptized sample, No. 2;12, gave an identical rate coefficient, 

2.05 min-1' and yielded a detectable concentration of 659 ppm, near

perfect agreement (99.4%) with the total silicon- concentration. 

Figure 4.1 indicates that the quantity of Me-detectable silica 

increases rapidly for pH's above the reported pK for monosilicic acid. 

Neglecting the evidence of the rate of color development for a moment 

(which suggests the presence of higher-molecular-weight silicic acids), 

it is seemingly possible to explai.n the increase in detectable silica 

concentration solely on the basis of formation of monosilicate ions. 

If one considers that the total silica monomer is made up of un-ionized 

and ionized molecules, then the total silica can be predicted from a 

knowledge of the un-ionized .acid concentration, the hydrogen ion con

c~ntration, and the acid dissociation constant: 

To aid the subsequent analysis, a portion of the equilibrium data is 

presented in Table 4.3. The 123 ppm Me-detectable silica for sample 

2.5 was present in solution largely as un-1onized silicic acid monomer. 

By assuming t~at the equilibr'ium "solubility" of un-ionized monomer is 

approximately 0.002 molar or 120 ppm (Si02 wt. basis), and using the 

pH and detectable-silica data in Eq. 4.1, pK is calculated and equals 

9.795, 9.805, and 9.800 for ·samples 2:8, 2.9, and 2.11, respectively. 

The agreement with the reported value of 9.8 is excellent. It is too 

. i 
1· 
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restrictive to consider that the detectable silica was present entirely 

as monomer; it is sufficient to assume that the acid ionization con-

stants of the Me-detectable silicic acids are all practically equal. 

Table 4.3 
Molybdenum-Detectable Silica at 

Different Total Silica Concentrations 

Sample No. pH Total Silica Me-Detectable Silica 
{~~m) { mo 1 es/1 iter) {~~m) 

2.5 6.22 663 0.00205 123 

2.8 10.37 1769 0.00951 571 

2.9 10.20 1326 0.00697 418 

2.11 9.98 884 0.00503 302 

The rate data of Figure 4.1 suggest that the amount of Me

detectable silica was contributed to by more than just silicic acid 

monomer {ionized or un-ionized). It is possible to estimate the frac

tion of detectable silica present as monomer in the sample, by compar-

ing the initial slopes of the color-development curves to the slope for 

pure monomer in a peptized sample. The details of this procedure are 

outlined in Appendix 3. Thus the amount of total monomeric silica is 

obtained by multiplying the rate coefficient for the color-development 

reaction, k, by the total detectable silica concentration and dividing 

by the rate coefficient for pure monomer, kM = 2.05 min-l. (The rate 

coefficient is equal to the initial slope on a normalized plot for a 

first-order irreversible reaction.) The results for several samples 

are shown in Table 4.4. Like the concentration of monomer, the 
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concentration of polymer {equal to total silica, minus monomer) 

increases with increasing pH. 

Table 4.4 
Calculation of Monomer Content in Aged Samples 

B 
A Monomer 

Sample Me-Detectable Si k k/kM moles/ A-8 
No. E!! ~moles/liter} ~min-1} 1 iter 

2. 5 (pep) 12.5 0.01159 2.047 1 0.01159 0 

2.8 10.37 0.00951 1.212 0.592 0.00563 0.00388 

2.9 10.20 0.00697 1 .303 0.637 0.00443 0.00254 

2.11 9.98 0.00503 1.381 0.675 0.00339 0.00164 

2.5 6.22 0.00205 1. 502 0.734 0.00150 0.00055 

(A-B) is the amou~nt of equiva,lent monomer contributed to the color 
development by molecules larger than monomer. 

It is interesting that freshly prepared silica samples seldom 

yielded a rate coefficient for color development greater than 1.2 min~ 1 . 

The above analysis would thus indicate that these supposed monosilicic 

acid solutions actually contained no· more than 60% monomer, and thus had 

a degree of polymerization of no less than 1.25. This conclusion dis

agrees with Alexander•s observation that his preparation method (A4) 

yields silicic acid solutions with a degree of polymerization of 1.1, on 

the basis of freezing-point measurements. The inference is that sodium 

metasilicate crystals do not dissolve completely as monomer, but yield 

some polymeric acids as well. Greenberg and Sinclair (G6-} have sug

gested that co2 gas in contact with sodium metasilicate crystals can 

cause po.lymerization in the solid phase. They report that .. exposed .. 
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sodium metasilicate will dissolve in water to yield some colloidal 

particles, whereas sodium metasilicate from freshly opened containers 

yields no colloidal silica. Perhaps this observation may explain the 

discrepancy between Alexander's observation and the present result. 

The total monomeric silica concentrations shown in Table 4.4 can 

be separated into ionized and un-ionized concentrations by using equa~ 

tion 4.1 and assuming K = lo-9·8. When this was done, a curious 
m 

result was obtained: The concentration of un-ionized monomer was not 

found to be independent of pH~ but decreased with increasing pH. This 

was a disturbing result because un-ionized monosilicic acid in the pre-

sence of colloidal and amorphous silica should exhibit a constant 

equilibrium "solubility" independent of pH. This led the author to 

adjust the value of the assumed ~ until a more satisfactory result 

was obtained. In Table 4.5, two sets of calculations are shown, for 

~ = lo-9·8 and lo-9·9. A sensitivity analysis is included for the 

second set (smaller Km) in which the pH was varied slightly to achieve 

a single constant value for the concentration of un-ionized monosilicic 

aci~. Within the experimental accuracy of pH measurement, it is 

readily apparent that by assuming a pK of 9.9 instead of 9.8, the data m 
agree exceptionally well with the theoretical prediction of a constant 

un-ionized acid concentration. 

As presented thus far, the picture of equilibrium is somewhat 

incomplete. No mention has been made of the low polymeric silica which 

is present along with monomeric and Mo-undetectable siiica in the 

solution at equilibrium. There is obviously an equilibrium which must 

exist between monomer, dimer, trimer, etc. in solution. It is apparent 

that the equilibrium solubility of amorphous silica as previously 



Total 
Sample Detectable 

No. E[ Silica 

2.8 10.37 .00951 

2.9 10.20 .00697 

2.11 9.98 .00503 

2.5 6.22 .00205 

/ 

Table 4.5 

Calculations for Acid Dissociation of Monomer 

Calculated ~ = 10-9.8 ' . ~ = 10-9.9 
Total 

Monomer Adj. 
( mo 1 e sIR.) . M M - . M M- _E.!! 6pH M -

.00563 .00119 .00444 .00142 .00421 10.34 -.03 .00150 

.00443 .00126 .00317 .00148 .00295 10.19 -.01 .00150 

.00339 .00135 .00204 .00154 .00185 10.00 +.02 .00150 

.00150 .00150 0 .00150 0 .00150 

co co 
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measured by the molybdate method is actually the sum of all detectable 

polymeric species in equilibrium with each other and with amorphous 

silica. More attention will be devoted to this subject in the follow

ing chapter, but it is important to bring it to the reader's attention 

now, to avoid any confusion~ 

Rate-Run Results 

Of the 25 rate experiments performed, the first eleven were in

adequately buffered, so similar trials were repeated using sodium 

acetate to improve the pH control. Table 4.6 lists concentration and pH 

conditions for the experimental runs. For the unbuffered runs, the 

different pH values represent initial, maximum, and final readings. 

In buffered runs, at lower concentrations, there was some pH variation 

as shown. At very high (or very low) pH's, unbuffered solutions are 

suitably "self-buffered," and no sodium acetate was added to these 

solutions. Several of these runs were grouped into the buffered cate

gory, even though they contained no special buffering agent. 

The results of the 14 buffered rate runs, made at an average 

concentration of 870 ppm, are sho~n in Figures 4.2, 4.3, and 4.4. The 

runs are grouped to show the effect of pH below and above 9 in Figures 

4.2 and 4.3 respectively, and the effect of total silicon concentration 

for runs at pH 8 in Figure 4.4. The Me-detectable silica concentration 

divided by the initial concentration, or fraction of total silica 

unreacted, is plotted on the vertical axis versus time in minutes on the 

horizontal axis (log scale). The term unreacted silica is used to sig

nify that silica which is unpolymerized and therefore detectable via 

the molybdate analysis. 
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Table 4.6 
Conditions for Polymerization Rate Runs 

Group 1 (Unbuffered} 

Trial No. Cone. (ppm Si02l pH Variation 

1 858 9.00 ~ 9.25 ~ 9.00 
2 411 8.95 ~ 9.15 ~ £.60 

3 548 8. 92 ~ 9.10 -+ 8. 90 
4 791 9.10 
5 809 7.55 ~ 7.44 ~ 7.55 

6 771 6.65~7.18 

7 793 5.6 ~ 6.39 ~ 6.25 

8 846 4.10 

9 586 8.45 ~ 8.70 ~ 8.00 

10 585 6.80 ~ 6.90 ~ 6.50 
11 423 8.05 ~ 7.00 

Group 2 (Buffered} 

1 847 6.00 
2 917 6.67 
3 877 6.95 
4 864 7A5 

5 833 8.00 
6 871 9.00 
7 872 9.23 -+ 9.40 
8 872 9.48 -+ 9.65 Unbuffered 

- ! 

9 877 10.0 
' . 10 697 8.05 "' 

11 535 7.95-+ 7.82 
12 451 8.0 -+ 7.50 
13 359 8.0 ~ 7.25 
14 884 7.55 ~ 7.35 Unbuffered 
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Rate curves which plot concentration on a linear scale and time 

on a log scale are known as Powell plots (F4). The advantage of the 

Powell plot is that it gives curves of like shape for different reac

tion systems which are described by identical kinetic models and differ 

only in the values of their rate coefficients. For example, two first

order irreversible reactions whose rate coefficients differ by a factor 

of 10 will give identically shaped curves on a Powell plot; the hori-

zontal distance of separation will be constant everywhere and equal to 

one logarithmic cycle .. Thus two Powell plot curves for identical 

reaction systems will be horizontally "parallel," and the ratio of rate 

coefficients will be given by the reciprocal ratio of reaction times at 

any given extent of conversion. (Note: Identical extents of conversion 

do not necessarily correspond to identical "fractions of total silica 

unreacted." This point will be discussed shortly.) 

Rate runs 1 to 5 shown in Figure 4.2 all have a characteristic 

sigmoidal shape and are nearly parallel horizontally. (They are steeper 

than the Powell plots for first-order reactions, showing some "auto

catalysis" which will be discussed in Chapter 5.) This is a consequence 

of the facts that (1) they all contain approximately the same level of 

initially detectable silica (i.e., total silica); (2) they all proceed 

to the same equilibrium level of detectable silica, 120 ppm, as shown 

by the equilibrium results; and (3) they must all proceed by a similar 

mechanism. The fact that these curves are separated is clear indication 

that the reaction rate decreases for pH•s below 8.0. 

Curves 6 and 14 in Figure 4.2 do not follow the same pattern as 

curves 1 to 5, because they were unbuffered. More importantly, curve 6 

approaches an asymptotic value well above that of the lower-pH runs. 
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This is quite consistent with the fact that at pH 9 and above the 

equilibrium value·of detectable silica is much greater than 120 ppm, 

because of the formation of silicate anions. The curves in Figure 4.3 

clearly illustrate this point: For higher-pH solutions, the equilibrium 

amount of detectable silica increases. The equilibrium amount of 

detectable silica is obtained by multiplying the asymptotic fractional 

values in the graphs by the corresponding amount of total silica in 

solution. 

One might infer from Figure 4.3 that the rate of polymerization of 

low;.;molecular-weight silicic acids (Me-detectable silica) always 

decreases with i~creasing pH above 9.25. It will be shown below that 

this is·only partiatly correct; the picture is complex, since the solu

tions approch different equilibrium levels of detectable silica, or 

different equilibrium 11 fractions of total silica unreacted ... For such 

curves, a constant value on the vertical axis corresponds to different 

extents of reaction (or fractional approaches to equilibrium) for the 

individual solutionsi Thus the relative rates cannot be obtained by 

simply comparing the reaction times for a constant va 1 ue of "fraction 

of total silica unreacted. 11 

Figure 4.4 shows the effect of total silica concentration on the 

rate of polymerization. Here too, the curves are not directly compar

able at a given value on the vertical axis because they do not all 

approach the same asymptotic value. (Because all the solutions approach 

the same limiting amount of detectable silica at equiliorium, the lower 

total concentrations of silica give higher asymptotic values of 

11 fraction of total silica unreacted. 11
) Despite this lack of direct 

comparability, it is readily apparent that total silica concentration 
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has a pronounced effect on the rate of polymerization. For example, 

samples 10 and 13 only differ in concentration by a factor of two 

whereas their rates differ ·by a factor of a hundred, a truly remarkable 

effect. 

To obtain comparative rate data -from the raw data shown in Fig

ures 4.2 to 4.4 accurately, it is first necessary to convert concen-

tration versus time data into extent-of-reaction versus time informa

tion. If the polymerization reactions were all irreversible, this would 

be unnecessary. Unfortunatley this is clearly not the case. For the 

purpose of subsequent comparison, the term .. fractional approach to equi

librium .. will now be defined. Consider a sample which initially con-

tains 620 ppm detectable silica at a pH where virtually all the silica 

is in the unionized acid form (pH< 8). The silicic acid in this sam-

ple will polymerize until, at equilibrium, only 120 ppm silica remains 

detectable. During the course of polymerization, from initiation to 

final equilibrium, 500 ppm of equivalent low-molecular-weight silicic 

acid polymerized to such an extent as to render itself undetectable by 

the molybdate analysis. The reduction of the initial detectable silica 

concentration by 500 ppm is considered to be a full approach to equi

librium. A reduction of the detectable silica concentration by 250 

ppm is termed a 50% approach to equilibrium or a 11fractional approach to 

equilibrium .. of 0.5. 

For samples at pH's high enough to contribute significant portions 

of silicate ions {great~rthanl% total detectable silics.), the equili

brium concentration of detectable silica is no longer 120 ppm but 

120 x (1 + lo-9·8/H+). For example at a pH of 9.8, the equilibrium 

concentration of detectable siJica is 240. Thus, for the sample at 
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pH 9.8 and an initial concentration of 620, the reduction in silica con

centration by 250 ppm represents a .. fractional approach to equilibrium .. 
620 - 370 250 . of 620 _ 240 = 380 = 0.658 and not 0.5. In the analys1s of 

samples which showed a pH change during polymerization, the final pH 

value was used to calculate the appropriate equilibrium concentration. 

(As shown in Figure 4.2, the multiplication factor 1 + lo-9·8;(H+) 

account_s for the increase in the total equilibrium level of Me

detectable silica due to acid ionization. Since equilibrium solutions 

of Me-detectable silicic acid contain a distribution of low molecular 

weights, the value of 10~ 9 · 8 represents an experimentally determined 

average of the low-molecular-weight acid dissociation constants.) 

All rate runs of the present study were recalculated on the basis 

of approach to equilibrium , with 120 (1 + lo-9·8;H+) ppm taken as the 

equilibrium concentration in every case. F'igure 4.5, the result of 

recalculation of the rate runs in Figures 4.2 and 4.3, shows the effect 

of pH on the time required to reach various approaches to equilibrium. 

The average total silicon concentration for all runs is 870 ppm. 

Notice that Fi~ure 4.5 is almost exactly analogous to the gel time 

plots of earlier workers (Figure 2.5). Just as with gel times, the 

time required for a certain approach to equilibrium can be considered 

to be inversely proportional to the average rate of polymerization. 

The one major difference between the gel-time rates and the approach

to-equilibrium rates is that the latter are far more indicative of 

polymerization rates for pure monosilic:ic and low-molecuiar-weight 

silicic acids. 

The important feature of Figure 4.5 is that the rate of polymeri

zation apparently reaches a maximum at pH•s near 9. The maximum 
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average rate presumably starts near 9.8, and shifts towards lower pH•s 

at higher extents of conversion. Since a higher approach to equilibrium 

is accompanied by polymerization between larger polysilicic acid mole

cules, this result suggests t~at higher-molecular-weight silicic acids 

have their maximum polymerization rates at lower pH•s. That is, the 

maximum polymerization rate for pure monomer seems to occur at a higher 

pH than that for pure dimer, which in turn exhibits a maximum rate at a 

higher pH than pure trimer, etc. 

Another interesting feature of Figure 4.5 is the linear relation

ship between "approach to equilibrium" time (hereafter referred to as 

ATE time) and pH, for pH•s below the maximum rate region. The slope of 

these linear regions is shown on the upper portion of each curve and 

varies from 0.91 to 0.79 for an ATE variation from 30% to 80%. The 

absolute slope values are very close to unity which could strongly sug

gest that the polymerization reactions are first-order in hydroxide 

ions in this pH region. The deviation from a true value of unity is 

not considered significant considering that the ATE time reflects only 

a macroscopically averaged rate of numerous polymerization reactions 

between different molecular weight silicic acids. In the limit of zero 

approach to equilibrium, the observed slope does indeed tend towards 

-1. Ideally this case should correspond to a single polymerization 

reaction, monomer plus monomer going to dimer. In actuality, it has 

been established that the fresh samples were not pure monomer solu

tions, thus even the polymerization rates observed initially reflect an 

average rate for several different reactions. 

For pH•s greater than the maximum-rate pH, the average polymeri

zation rate is seen to decrease very rapidly. This is obviously due to 
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two factors. One' is that at high pH the relative amount of un-ionized 

silicic acid is reduced, and since this species is needed for polymer

ization, the rate is also reduced. The second factor is that the 

reverse reaction, depolymeriz9tion, is faster at higher pH. ATE times 

indicate an average net rate of polymerization. When the reverse rate 

increases relative to the forward rate, the net forward rate is reduced. 

The effect of total silica concentration on ATE time is shown in 

Figure 4.6. As was suggested by the raw data of Figure 4.4, the average 

polymerization rate is certainly a strong function of the total silica 

concentration. For gel-time data, it \oJas found that a plot of the gel 

time against the reciprocal square of the total silica concentration 

yielded a straight line. In an analogous fashion,·the data in Figure 

4.6 have been replotted to show the logarithm of the ATE time versus 

the logarithm of the total silica concentration. The results as 

shown in Figure 4.7 indicate approximate straight-line relationships 

with slopes as indicated. 

In the analysis of a typical nth order irreversible reaction, a 

log-log plot of extent of conversion time versus the initial concentra

tion yields a straight line with an absolute slope of n- 1. Thus, if 

the averaged silica polymerization process could be described by a 
( 

simple !!_th order irreversible kinetic model, the indicated slopes of 

the curves in Figure 4.7 would suggest reaction orders of between 6 and 

8 in silica. True reaction orders of this magnitude are impossible, as 

they would imply the simultaneous collision of between 6 and 8 silicic 

acid molecules. However, it is possible in a multistep reaction scheme 

to observe an apparent high reaction order based on the observed con

centrations of initial reactants and final products. In Chapter 5, an 
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explanation will be offered for the observance of these unusually high 

reaction orders. 

The reader will note that the rate runs for buffered samples 10 

through 13 did exhibit significant pH variation, as shown in Figure 4.6. 

A drop in pH has the effect of retarding the reaction rate and increas

ing the ATE times, in comparison to· a constant-pH sample. The data in 

Figure 4.6 appear to reflect the effect of total concentration at a con

stant pH of 8.0. However, since the pH was not constant, the reaction 

times should be corrected for the pH variation within a given sample 

to obtain a more precise indication of concentration effects, independ

ent of pH effects. The ATE time data for buffered runs 10 to 13 can be 

corrected by the following empirical relationship: 

a 
Adjusted ATE time for pH 8.0 = (actual recorded ATE time)(lOpH-8) 

a in the above correction factor is the apparent reaction order for 

hydroxyl ion from Figure 4.5, and is itself a slight function of the 

fractional approach to equilibrium. A simpler but less precise correc

ti~n method would let a equal 1. Owing to the overall precision of 

these experimental results, it makes little difference which correction 

method is used. 

When the reaction times in Figure 4.6 are corrected for pH varia

tion, a new relationship for the effect of total silicon concentration 

on reaction rate is obtained as shown in Figure 4.8. The differences 

between these curves and those in Figure 4.6 occur mainly at lower con

centrations where the most significant pH declines were observed. The 

correction procedure effectively flattens the curves at the lower end of 

the concentration scale. This effect is in turn reflected in the log-
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log plot of the corrected data, Figure 4.9. The corrected data still 

yield reasonably straight-line plots, but the apparent reaction order 

is reduced significantly. As with the uncorrected data, the corrected 

data indicate that the apparent reaction order decreases with increas

ing extents of conversion (i.e., approaches to equilibrium). 

Thus far, only the results of the 11 buffered 11 runs have been pre

sented. The unbuffered results, which do not differ significantlY, 

are presented separately in Appendix 2 along with the predicted 

behavior bas~d on the extrapolation of the buffered results. Although 

the concentration of sodium acetate used in the buffered runs was as 

high as 1 ~. the polymerization rate does not appear to have been 

affected.significantly by increases in ionic strength. As a general 

trend, the buffered runs indicate a slightly faster reaction rate than 

was observed for the unbuffered runs. Whereas this trend might be 

attributed to the high levels of sodium acetate, it is much more likely 

that the pH decrease of the unbuffered runs produced a decelerating 

effect. The validity of this conclusion is evident from a comparison 

of rate curves no.·4 (buffered) and no. 14 (unbuffered) in Figure 4.2. 

The unbuffered rate run exhibits a faster. initial rate of polymeriza

tion because of its higher pH (and slightly higher concentration). 

However, as the pH of this run decreases to the value for the buffered 

run, polymerization is slowed down until the two runs show identical 

average rates of polymerization at an ATE of approximately 0.7. 

There is only one previously reported study on silica polymeriza

tion to which the present results can be compared directly. Bishop 

and Bear (82, 83) performed experiments similar to the present ones in 

which they prepared fresh silica samples by approximately the same 
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technique and measured silica concentrations over set intervals by the 

molybdate-blue method. They performed all their runs using approxi

mately 300 ppm total silica adjusted to an initial pH of 8.5. Their 

solutions were unbuffered, but contained varying concentrations of 

added salts and rate runs were made at different temperatures. 

Figure 4.10 shows points (marked by o) from one of their rate 

runs made at 25°C for a silica concentration of 257 ppm (System 1, 

ref. B3). The solid curve is the behavior predicted for a constant pH 

of 8.0, from results of the present study. The steeper slope of the 

experimental data reflect a steady decrease in pH, so that the time 

frames of the Bishop-Bear study and the present work are in good agree

ment. A time-averaged apparent pH for the experimental data, which 

relates them exactly to the predicted curve, is plotted at the bottom 

of Figure 4.10. The time-averaged pH is calculated by the 

relation: 

' 
The caltulated pH's are well within the range of expected behavior and 

quite consistent with the pH variation in the unbuffered samples of the 

present study. 

Up to this point, little attempt has been made to fully interpret 

the results of the present experimental work. · It was felt that this 

task could best be accomplished once with all the experimental results 

clearlyoutlined. Attention should,now be focused on Chaoter 5 which 

arranges the observations of this study,with previous studies, into a 

consistent framework. 
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Chapter 5 

DISCUSSION 

Mechanism of Polymerization 

The effect of pH on the rate of polymerization of silicic acids 

is shown in Figure 4.5~ The shape of these curves only differs from 

the typical gel~time plots (Figure 2.5) in the position of the maximum 

rate of polymerization. The characteristic shape of both sets of 

curves is consistent with a polymerization reaction mechanism involv-

ing the bimolecular collision between an un-ionized silicic acid 

molecule and an ionized acid molecule. For illustration, consider the 

effect of hydrogen ion concentration on the simple kinetic rate expres-

sion: 

I I 
Rate« [-Si-OH][-Si-0-] ( 5. 1) 

I I 

A maximum rate is obtained when there are equal concentrations of the 

two reactants. This occurs at· the pH equal to the effective pKA (an 

average value) for the acids in solution. Below this pH there are 

relatively more un-ionized molecules, so the number of collisions 

between ionized and un-ionized species is reduced, and thus the reac

tion rate .is reduced. Above thi~ pH there are more ionized than un

ionized molecules, and the rate is likewise reduced. 

This simple model predicts a first-order dependence on hydroxide 

ion belowthe pH of the maximum rate, and a nearly symmetrical plot of 

logarithm of reaction rate versus pH, with the axis of symmetry at 

pH= pKA' for the case of constant total silica. The fact that sym

metry is not observed is due mainly to the increase in back reaction at 
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pH•s greater than pKA. 

The reaction pathway visualized for siloxane bond ( ::si -0-Si ::) 

formation closely parallels the nucleophilic substitution reactions of 

organic chemistry: A silicate anion, with its negative charge resid

ing on the oxygen atom, penetrates the silanol (::Si-OH) tetrahedron 

surrounding another silicon atom, and attacks the silicon atom. 

(Since the silicon atom is signifiantly smaller than the oxygen 
0 0 

atoms--0.40 A compared with 1.40 A--it is almost completely shielded by 

the oxygen atoms.) As a bond is formed between the penetrating oxygen 

atom and the nucleophilic silicon atom, abond between the same sili-
. 

con atom and a hydroxide group is simultaneously destroyed. The state 

of intermediate bond formation and destruction corresponds to the acti

vated complex, or transition state, for the polymerization reaction: 

_ , I .\ l · I I _ 
::Si-0 --~ -Si-OH t -Si-0----Sl---OH :t -Si-0-Si-+ OH (5.2) 

/ I I . I I 

Activated Complex 

In the process of siloxane bond formation, it is possible that 

the tetrahedron of the neutral silicic acid molecule undergoes inver

sion, so that in the transition state the three non-reacting bonds are 

planar. This particular mechanism is strongly suggested by the depoly

merization which occurs in the molybdate color reaction, where it has 

been found (A3, 01, S6-S8) that cyclic and highly branched silica 

polymers depolymerize much more slowly than linear polymers. (Here, 

molybdate takes the place of hydroxide in catalyzing depolymerization.) 

It appears likely .that linear polymers depolymerize faster because the 

-OH groups present (at least two to each Si atom) are unconstrained 
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and can therefore facilitate inversion. By contrast, in the cyclic 

structure, the siloxane bonds are relatively immobile with respect to 

tetrahedral inversion. Based on purely geometrical arguments, the 

inversion mechanism seems highly plausible. 

However, an alternate mechanism is also possible in which the 

attacking silicate ion (for the forward polymerization step) merely 

replaces a hydroxide group without inverting the silicon-oxygen tetra

hedron-a mechanism of displacement. Polymerization and depolymeriza

tion reactions proceeding by a displacement mechanism should be 

essentially unaffected by the number of siloxane bonds per silicon 

atom. Thus, in order to explain the experimental results by a dis

placement model, one must postulate that the bonding energy of a 

siloxane bond is strongly dependent on the number of additional silox

ane bonds attac~ed to the parent silicon atom. The analogous behavior 

of functional groups attached to an aliphatic carbon atom, in organi~ 

chemistry, is familiar and well documented. Thus, in the depolymeri

zation of a linear polymer, by a displacement mechanism, it is likely 

that hydroxide (or molybdate) attacks terminal silicon atoms selec

tively. 

At this stage of understanding, either model, inversion or dis

placement, is consistent with-the known behavior of silica in solution. 

The silicite ion-silicic acid mechanism is highly plausible for 

all pH regions, except for the strongly acidic region where an acid

catalyzed mechanism applies. Although pH's this low wi11 never be 

encountered in geothermal solutions, it is instructive to include the 

following mechanism, which provides a likely explanation for the acid 

catalysis: 

'I 
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Sr. 0 H+ -+ s'· OH+ - 1- H + +- 1----
, I 2 

H2 
I + I I ,-(Y, I I 

-Si ---OH +HO-Si- t. -S1 ' + t. -Si -0-Si- + 
I 2 I 1\ ... H I I 

'0:' I 
..........._ Si-

( 5.3) 

, 
(activated complex) 

At low pH, a free hydrogen ion can bond to the oxygen atom of a 

silanol group, which tends to somewhat weaken and lengthen the silicon

oxygen bond. In a subsequent collison step, a silanol group from 

another molecule pushes through to the silicon atom of the charged 

silanol, giving up its hydrogen to the protonated silanol,· and dis

lodging the reject water molecule as a hydronium ion, H3o+. 

The Si-0 bond to the protonated silanol is weakened and loosened 

by the extra hydrogen atom, so that less activation energy should be 

needed to reach the transition state. Also, the need for a hydrogen 

atom to transfer from one oxygen to the other makes simple displace-

mentmore likely than inversion. This molecular reasoning agrees with 

the results of Alexander (A2) and Hurd and Barclay (H7), who found an 

activation energy of only 9 kcal at pH 2, compared with around 15 kcal 

at pH 5 (as reported in Chapter 2). 

Ionization Behavior of Silicic Ac.id Polymers 

The true rate of polymerization is too complicated to bedescribed 

by a single rate expression, because it involves many separate reac-

tions between molecules with different molecular weights and structures. 

For simplicity, however, two types of silica species can be considered 

to be present-an average-molecular-weight silicic acid and an average-

molecular-weight silicate ion. For these two species, and an 
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appropriately averaged rate coefficient, the instantaneous rate of 

polymerization is described empirically by a simple second-order rate 

expression of the form: 

Rate = k [A] [A-] ( 5 .4) 

where [A] =concentration of an average un-ionized species, and [A-] = 

concentration of an average ionized species. Equation 5.4 predicts a 

maximum rate of polymerization at a hydrogen ion concentration equal 

to an effective average ionization constant for the mixture of silicic 

acids present in the solution. 

One of the oversimplifications of Equation 5.4 is that it fails 

to account for the depolymerization rate, also a function of pH, which 

must be subtracted from the gross forward rate to yield a net forward 

rate. The rapidly increasing rate of depolymerization at high pH pro

duces an asymmetrical curve for net polymerization rate versus pH (i.e., 

the rate decreases faster for pH > pKA than for pH < pKA), as shown in 

Figure 4.5. However, the minimum-time pH's for these curves (corres

ponding to a maximum for the averaged net rate of polymerization) not 

only lie below 9.8, the pKA for Me-detectable silica, but also decrease 

with increasing extents of conversion~ A. line can be drawn through 

these minimum points, and its extrapolation back towards "zero" 

approach to equilibrium indicates a maximum-rate pH there of s'lightly 

less than 10. This is consistent with an average pKA of 9.8 to 9.9 

for the initial starting solution. This pH shift for the minimum ATE 

time suggests that the acid-ionization constants for silicic acids 

increase (i.e. the pKA's decrease) with increasing molecular weight. 

Even if the silicic acid dissociation constants were all equal, 

there would still be a tendency for the maximum-rate pH to shift 
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towards lower pH with increasing conversion, due to increasing influ

ence of the reverse reaction. However, for approaches to equilibrium 

of less than 80%, this pH shift of the maximum rate is negligible. 

In considering the pH-shift for the minimum ATE time, it must be 

borne in mind that a pH which gives a maximum averaged rate up to a 

given conversion is higher than the pH that gives a maximum instantan

eous rate at that conversion. Since Equation 5.4 predicts a maximum 

instantaneous rate at a pH equal to the averaged pKA, the implication 

is that the minimum-time pH's in Figure 4.5 correspond to pKA's for 

averaged polymers whose degrees of polymerization are achieved at 

approaches to equilibrium less than what is indicated by each curve. 

In other words, the shift in pKA with increasing molecular weight is 

even more dramatic than is apparent from the time-averaged curves of 

Figure 4.5 

This conclusion that silicic acid dissociation constants increase 

with increasing molecular weight is further strengthened through quali-

tative agreement by the experimental results of oth~r workers. For 

example, gel-time plots typically show a minimum at pH values near 7 

(Figure 2.5). The_ average degree of polymerization of. silicic acids in 

gelling solutions clearly is higher than the average degree of polymer

ization of the dilute solutions of the present study, hence the postu

lated trend for increasing acid strength with molecular weight is 

substantiated. 

The comparison of minimum-gel-time pH's for diffct·ent concen

trated solutions provides an interesting extension of the foregciing 

analysis. Figure 2.5 shows that the minimum-gel-time pH decreases 

with decreasing total silica concentration. This can be explained by 

•. 
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noting that the gel potnt occurs at a higher extent of conversion in 

more dilute solutions, as suggested by Carman (Cl) and demonstrated by 

Iler (12). Qualitatively, this can be explained in the following 

terms: The gel point represents a constant critical amount of polymer 

that has reached "infinite" 1 ength. For a sma 11 er tota 1 silica con

centration, this critical quantity corresponds to a higher fractional 

extent of polymerization and hence to a lower average pK for the total 

silica present. Consistent with this general behavior, the minimum 

gel time occurs at a lower pH for more dilute solutions. This provides 
• 

strong evidence that the individual (or intrinsic) acid ionization con

stants of silanols, for different configurations of the parent Si atom, 

can differ by a factor of over 1000. Thus, a higher average degree of 

polymerization again coincides with a lower pH for the maximum average 

rate of polymerization. 

Another piece of experimental evidence also shows that high

molecular-weight silicic acids are stronger acids~ Isoelectric-point 

data for colloidal silica indicate- that surface silanol groups are 

ionized at relatively low pH's. Schindler and Kamber (S2) report that 

the pKA for surface silanol groups of colloidal silica is 6.8 

The pK for silicic acid monomer, the maximum-rate data with 

increasing amount of polymer, and the amorphous silica pK form a mono

tonic sequence, as indicated in Table 5.1~ 

Additional experimental evidence from the present study also 

supports the conclusion that acid~dissociation constants increase with 

increasing molecular weight. The data for aging solutions (Tables 4.1 

and 4.2) clearly show a decline in pH as equilibrium is approached. 

This drop can only occur if the higher-molecular-weight silicic acids 



Table 5.1 
Observed pK Values for Silica Acid Forms 

System or Quantity Measured 

Intrinsic K for monomer, from ~ 

Time-average pH for maximum rates 
30% ATE at 870 ppm Si02 
50% ATE at 870 ppm Si02 
80% ATE at 870 ppm Si02 

Gel formation at 25% conversion to gel 
Gel formation at 35% conversion to gel 
Gel formation at 60% conversion to gel 

Intrinsic K for tertiary silanols, from 
pK for amorphous silica (S2) 

~ 

10.5* 

9.2 
9.0 

8.7 

7.9 
7.5 
7.0 

6.8 

*pK = pKM - log 4, because monomer contains 4 industrial 
silanol groups. 
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being formed are stronger acids. If all silicic acid forms had the 

same dissociation constants, polymerization would be accompanied by a 

pH increase because the number of acid silanol groups steadily dimin

ishes. 

Insight into the pH variation in polymerizing solutions is pro-

vided by considering the simplest of situations, monomeric silicic acid 

polymerizing only to the ~xtent of dimer. If no pH change were 

observed as the reaction proceeds~ the following relation would hold 
t . 

for the ratio of the dimer to monomer dissociation constants (K0 and 

~ respectively): 
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2 {5.5) 
1 - '), 

+ 
[H ]crit 

where [H+]crit is the unique value of [H+] that is invariant. This 

result is derived in the following way. The ionization equilibria for 

monomer and dimer, respectively, can be written 

{M-} {H+} = K~1 ' or {M-) = MTotal ~ 
MTotal - {M-) {H+) + ~ 

(5.6) 

· and 

(D-) (H+) 
KD , or (D-) DTotal KD 

= = 
DTotal - (D-) (H+) + KD 

( 5. 7) 

At constant pH, hence constant (OH-), the charge balance between ini

tial and final conditions is 

(5.8) 

Also, the overall mass balance is 

(5.9) 

These equations combine to give 

[ {M_ . )o - M_ ] . ~ = 
··Total ··Total {H+) + ~ 

(5.10) 
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Inverting the two right-hand terms, with cancellation of DTotal' gives 

+ + 
1 + i!:!.J. = 1 + 1!!.:1 
2 2~ K0 ' 

or {5.11) 

Multiplication by KM((H+) yields 

or {5.12) 

Re-inversion then yields Equation 5.5. 

For a given pH and monomer dissociation constant, Equation 5.5 

indicates the value the dimer dissociation constant must have in order 

that the pH not change. If the pH of the solution increases, the 

actual Ko is smaller than the calculated critical _value. On the other 

hand, if the pH decreases, the actual K0 is larger than the critical 

value. 

Equation 5.5 brings to light an interesting consequence: If the 

initial pH is greater than Pl)4, the pH of the solution can only in

crease. This observation is not restricted only to the dimerization 

reaction, but holds also for the complete set of polymerization steps. 
\ 

Thus, in any aging sample that is initially all monomer, the pH will 

only show a net increas.e if the initial pH is greater than p~. (The 

pH may still. reach a maximum value and then decline, but will never drop 

below the initial value.) If the initial pH is less than pKM' the pH 

of the solution may first increase and then decrease to the initial 

value or below. This semi-quantitative model is in complete agreement 

with the pH behavior of equilibrium runs and unbuffered rate runs 

observed in the present study. 
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Finally, the probable causes of the increase in acid ionization 

cons'tant with an increasing degree of polymerization must be consist

ent. First, for linear polymers at least, the number of silanol 

groups per aver~ge polymer molecule is greater for the higher polymers. 

At a constant intrinsic K0, and a degree of polymerization N, the first 

ionization constant (which is most ~ignificant) is NK0 (W7). Second, 

it appears that. the major effect on K0 is a structural one. For 

( ) . . { ) -10 -11 Si OH 4 monomer, K0 1s 1.26/4 x 10 , or 3.15 x 10 . For the 

"primary" structure -0Si(OH) 3, as a dimer, K0 is either the same or 

only slightly greater. For a tertiary silicon atom (-0) 3Si(OH), as on 

the surface of amorphous silica, K0 is near 1.6 x 10-7. Ko for the 

secondary form, (-0) 2Si(OH) 2, may well lie in the vicinity of lo-10 , 

but further investigation of this question will be required. 

Monomer-Dimer Equilibrium 

In Chapter 4 it was shown how an approximate monomer concentra

tion could be obtained from the total detectable silica concentration 

and the apparent rate coefficient for color development. However, the 

difference between the concentrations of total detectable silica and 

monomer was not quantitatively accounted for. This can be done by 

writing a mass balance for the total Me-detectable silica content 

in terms of the individual low-molecular-weight species: 

[Si ]tmd = [M] r, + ~~ \ + 2 . [D] (1 + K~ ) + 3 [T] 
\ [H J) [H ] 

(1 + [:r])+ ... 
(5.13) 

where tmd stands for total Me-detectable; [M], [0], [T] are the un-

ionized concentrations of monomer, dimer and trimer respectively; and 
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KM' K0 and KT are the corresponding acid dissociation constants. Each 

term in the summation represents the total number of silicon atoms 

comprising a particular molecular-weight species, including both ion

ized and un-ionized forms. Equation 5.13 can be simplified by assuming 

that only monomer, dimer, and trimer contribute to the molybdate

detectabl.e silica. This assumption is reasonable whenever the total 

Mo-detectable silica concentration is not much greater than the concen-

tration of monomer. 

To solve the truncated form of Equation 5.13, it is necessary to 

obtain equilibrium expressions which will permit the dimer and trimer 

concentrations to be expressed as functions of the monomer concentra

tion. For the dimerization reaction, as interpreted by Equation 5.2, 

a mass-action equilibrium expression can be written: 

kf 
M + M- t D + OH 

kr 

= .[Q] [OH-] 
[M] [M-] 

[DJ Kw 
= [Mj2 . KM 

{5.14) 

{ 5.15) 

The equilibrium concentration ratio, [D]/[M] 2, a constant, will be 

indicated as K{l). An equilibrium constant for the trimer-forming 

reactions is slightly more difficult to obtain because trimer can be 

formed by two possible reactions: 

k I 

p 
~ 

k I 

r 
K eq 

= (T] [OH-) 
(M] [D-] 

= [T) l<w { 5 . 16 ) 
(M] [D] • KD 
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k II 

p 
D + M- ~ T + OH 

k II 

r 

From these two equations: 

K II 

eq 
= [T] [OH-] 

[D] [M-] 
T i<w 

=-~-

[M] [D] • KM 

K II 

eq 
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{5.17) 

( 5.18) 

With the aid of the appropriate equilibrium expressions, Equation 

5.13 simplifies to 

[Si] = [M] (1 + ~)+2K{l) [M] 2 
tmd [H+] 

Equation 5.19 can be further simplified by relating K( 2) to K(l). A 

detailed look at the mechanisms for the two trimer-forming reactions 

(Equations 5.16 and 5.17) reveals that reaction 5.16, attack by a dimer 

ion on a neutral monomer molecule, more closely resembles the dimeriza-

tion reaction. The conclusion is therefore drawn that Keq' and Keq 

are nearly equal, and thus, 

. Ko 
K( 2) ~ --K K(l} 

- M {5.20) 

Making this substitution into Equation 5.18, the final simplified form 

is a non-linear equation with three unknowns--K0, KT' and K(l}: 
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{ 5. 21) 

The number of reliable data points from the present study is 

limited, and therefore a complete regression analysis using Equation 

5.21 is not possible. As an alternative, the experimental data from 

Table 4.4 were used to obtain approximate values for the unknown para-

meters by the following procedure: 

{a) A reasonable value of K0 was assumed. 

(b) The data at low pH {Run 5) were then used to solve for 

K(l) by Equation 5.21 exactly, because the acid-ionization corrective 

tenns { 1 + KA/H+) could a 11 be set to unity. 

(c) With the data from Run No. 2-11 {adjusted pH, 10.00; total 

Si02, 0000503 M), and the newly calculated K(l), Equation 5.16 was 

again solved to yield a value for KT. With values for [M]Total' 

[T]Total, KM' K0, and KT' a weighted-mean-average acid dissociation 

constant was calculated and compared to w-9·8, the apparent KA for 

Mo-detectable silica. If a close comparison was not obtained, a new 

value of K0 was assumed and .steps (a) to (c) were repeated. 

(d) With values for a consistent set of the parameters K0, KT' 

and K(l), the final two data points were used to check the predicting 

accuracy of Equation 5.21. 

In Table 5.2, the results of this calculational scheme are pre

sented (Case 2). For comparison {Case 1} calculations are also shown 

in which all the acid dissociation constants are assumed to be equal. 



Sam2le No. 

2.8 

2.9 

2.11 

2.5 

Sample No. 

2.8 

2.9 

2.11 

2.5 

2H 

10.37 

10.20 

9.98 

6.22 

Table 5.2 

Calculations of Molecular-Weight-Distribution for 
Mo-Detectable Silica in Equilibrium Solutions 

Tota 1 Mo-Detect Adjusted 
Silica. ~H M M-

.00951 10.34 .00150 .00413 

.00697 10.19 .00150 .00293 

.00503 10.00 .00150 .00189 

.00205 6.22 .00150 --

Case 1: -9 9 
~ = K0 = KT = 10 . ; K(l) = K( 2) = 98.5 

Total Mo-Detect Si Calculated 
-[(M) + {M-)] D D - T T -

.00388 .000446 .001228 .000104 .000720 

.00254 .000446 .000870 .000104 .000509 

.00164 .000446 .000561 .000104 .000329 

.00055 .000446 -- .000104 --
(continued) 

Tota 1 Mo-Detect 
-[{M) + {M-l] 

.00388 

.00254 

.00164 

.00055 

Total Dimer · % Error in 
and Trimer Total Silica 

.002498 -14.53 

.001929 - 8.77 

.001440 - 3.98 

.00055 0.00 
...... 
N 
w 

0 

c 

s.-'11'"""·· -
~~ 

.b 

0 

k. 

0 

(;..;· 

A 



Table 5.2 (continued) 

Case 2: KM = lo-9·90 , K0 = 10-9·75 , KT = 10-9·57 , KA = 10-9•82 ; K(l) = 94.1, K( 2) = 132.9 

Total Mo-Detect Si Total Dimer % Error in 
Sample No. -[(M) + (M-)] .D D - T T - and Trimer Total Silica 

2.8 .00388 .0004234 .0016472 .0001266 .000745 .00294 - 9.88 

2.9 .00254 .0004234 .0011661 .0001266 .0005278 .00224 - 4.30 

2.11 .00164 .0004234 .0007529 .0001266 .0003370 .00164 0.00 .. 

2.5 .00055 .0004234 -- .0001266 -- .00055 0.00 

NOTE: K(l) and K( 2) are based on molar ~oncentrations. Calculated values of 

D, D-, T, T~, are given as mbnomer-equivalent concentrations. 

.... 
N 
~ 
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In all cases, the dimer and trimer concentrations {ionized .and un-

ionized) have been expressed as equivalent moles of monomer. It is 

clear that the assumption of increasing acidity with molecular weight 

gives a better account for the observed total silica concentration 

than the assumption of invarient acidity. For the two highest pH's, 

Equation 5.21 with the selected parameters predicts .total silica con

centrations which are less than the observed total silica, and the dis-

crepancies increase with increasing total silica (i.e., increasing pH). 

This result, although partially fabricated as a result of the chosen 

calculational scheme, is precisely the expected behavior based on the 

fact that Equation 5.13 resulted from the truncation of higher polymeric 

terms from the general form of the mass balance equation. As the total 

silica concentration increases, successively more terms (higher

molecular-weight terms) must be included, otherwise predictions will be 

low. It was partly for this reason that the calculation scheme pre

viously described was so chosen. 

The calculations of Case 2 yield the following results: 

pKD ~ 9.75, pKT = 9.57, pKA = 9.82, K{l) = 94.1, K( 2) = 132.9, and 

K = 0.00748. These results show that, at equilibrium, the sum of eq 
the un-ionized concentrations of monomer, dimer, and trimer equals 120 

ppm (0.0020 M) and the monomer : dimer : trimer ratio is approximately 

75.: 20 : 15 on a silicon atom basis, or 45 : 6 : 1 nn a molecular 

basis. The calculations in Table 5.2 thus provide additional support 

for the conclusion that the acidity of silicic acids increases with 

molecular weight. 

It is interesting .that the proposed value of K{l) is only 

slightly smaller than the value of 105 liters/mole reported by Bishop 
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and Bear (82). This close comparison is mainly coincidence, however, 

since those authors assumed erroneously that K(l) is equal to all 

higher K's for monomer plus n-mer going to (n+l)mer, and they also 

equated their molybdate-blue silita co~centrations to monomer. 

Rate Dependence on Total Silica 

The true reaction order for silicic acid in the polymerization 

process has been a source of _uncertainty for many previous investiga

tors. The mechanism of Equation 5.2 suggests a second-order dependence 

on silica, but this clearly does not correspond to what was observed 

in Figures 4.6 - 4.9. The trend observed in Figure 4.8, for example, 

was that the apparent reaction order decreases .with increasing conver-

sion, from 7.0 at a 10% conversion to 4.8 at a 90% conversion. · These 

high values for the apparent reaction orders are indicative of an auto

catalytic effect in the polymerization process; the rate of disappear

ance of monomer seems to be catalyzed by the formation of polymer 

products~ 

To illustrate this phenomenon, consider a normal second-order 

reaction, 2A~B. The reaction starts out with a maximum rate of 
' 2 conversion of A to B, k[A]

0 
, and continually decreases as the quantity 

of reactant decreases. Howev.er, this is not the case for the disappear-

ance of monosilicic acid during the early stages of polymerization . 

Here, a plot of approach to equilibrium versus time on a linear scale 

yields a straight line. This is indicative of a constant rate period 

where a tendency for the reaction rate to diminish due to the depletion 

of reactants is opposed by an accelerating effect produced by the 

accumulation of polymer which catalyzes the reaction. Acceleration of 

the polymerization process therefore depends on the level of polymer 
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formed. For solutions with higher initial concentrations of monomer, 

polymer is built up more quickly, consequently the acceleration occurs 

at an earlier stage of conversion. 

Figure 5.1 clearly demonstrates the effect of autocatalysis. The 

runs shown were replotted from Figure 4.4 with time expressed on a 

linear scale. The most interesting features of these curves is that 

the maximum reaction rate is shown to occur well after polymerization 

has been initiated and to remain constant over a significant portion of 

the approach to equilibrium. The reaction rate for these runs (slope) 

is actually seen to increase as polymerization proceeds. These parti

cular runs were replotted because they exhibit the phenomenon of auto

catalysis most dramatically. Runs with higher initial reaction rates 

{typical of more concentrated solutions) will exhibit a maximum initial 

rate which remains constant for conversions as high as 50%. 

The important question now is to interpret how autocatalysis 

occurs. As previously indicated, the rate of any particular polymeri

zation reaction, occurring by the mechanism in Equation 5.2, in the 

forward direction, can be expressed by the relationship: 

Rate = 
I I _ 

kf [-Si-OH] [-Si-0 ] 
I I 

I 2 
[-Si-OH] 

I 
(5.2) 

At constant pH, the quantity in parentheses is seemingly constant, and 

equal to the apparent rate coefficient for the forwar~ polymerization 

reaction. However, it has been noted that KA is not constant, but 

increases with _increasing molecular weight. Therefore the apparent 

reaction rate coefficient also increases with increasing molecular 
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weight and gives ri.se to the autocatalysis. 

It is well to supplement the mathematical explanation just given 

by a clarifying verbal explanation: Since a silicate anion is a neces

sary constituent for polymerization to occur, increasing the level of 

silicate anions will increase the rate of further polymerization, pro

vided the ratio of anions to neutral molecules is less than unity. 

Because higher-molecular-weight silicic acids are stronger acids, the 

polymerization process produces (for a time) more silicate ions than it 

uses up. These new anions, in turn, contribute to the polymerization 

process. The trend is in the direction of maximum-polymerization 

rate conditions, where there are equal concentrations of silicic acids 

and silicate ions in solutions. 

There is an interesting consequence of this theory. Autocata

lytic effects were observed in the present experiments because pH's 

_of the buffered solutions were lower than the effective pKA's of the 

silicic acids in the solutions. For this situation, polymerization 

results in a more equal number of un-ionized and ionized acid molecules 

and therefore an increased polymerization rate. If, however, the ratio 

of ionized to un-ionized acid molecules is greater than unity (i.e., the 

pH is greater than or equal to the effective pKA for the silicic acids 

present), instead the reaction rate will slow down with increasing 

conversion. If it were possible to adjust the pH continuously during 

the course of polymerization so that the ionized to un-ionized concen

tration ratio was always constant, the reaction rate should exhibit a 

pure second-order effect (in silica). 

The experimental results in Figures 4.6 - 4.9 indicate that the 

degree of autocatalysis decreases with increasing extents of conversion 
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(i.e., the apparent reaction order decreases). This observation is 

consistent with the above discussion . .Referring to Equation 5.1, 
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the absolute slope of the reaction rate curve versus pH decreases 

rapidly as pH approaches pKA. That .is, when the ratio of ionized to 

un-ionized molecules is very small (as when pH<<pKA), slight increases 

in the level of silicate anions will have the greatest effect in 

accelerating further polymerization. As polymerization proceeds, and 

.lowers the pKA of the silicic acid in solution, it reduces the differ

ence between pKA and pH (if the solution is buffered the pH is 

assumed to be constant). Autocatalysis is reduced because continuing 

pKA decreases have a smaller accelerating effect. The pH for the runs 

in Figure 4.4 was 8.0, well below the effective pKA of the silicic acid 

in solution at initial extents of conversion. However, for ATE = 80%, 

the minimum pH of the curve in Figure 4.5 is not much larger than 8.0. 

Therefore, the apparent rate dependence on pH in Figure 4.8 for the 

80% ATE curve is significantly lower than that for the 30% ATE curve. 

Summary 

The effects of pH and total silica concentration on the rate of 

polymerization can be explained qualitatively by a second-order reac

tion between a neutral silicic acid molecule and an ionized silicic 

acid molecule, provided one also assumes that the acidic strength of 

silicic acid increases with molecular weight. This assumption is 

supported by the following experimental evidence: 

(a) The pH for maximum averaged polymerization rate shifts 

toward lower values with increasing extents of conversion. 

(b) The pH of most unbuffered polymerizing solutions decreases 

when the pH is less than the initial PKA· 
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(c) The pKA for silanol groups on the surface of colloidal par

ticles has been reported to be 6.8. 

(d), The pH for minimum gel times lie in the neutral range (pH 

7 to 8), and shift toward lower values for less concentrated solutions. 

(e) The equilibrium concentration of monomer at high pH suggests 

a value of pKM = 9.9. The average pKA for low-molecular-weight silicic 

acids {Me-detectable silica, of which monomer represents 60% or greater) 

is 9.8. 

From a molecular viewpoint, the idea that larger silicic acid molecules 

are stronger acids is reasonable. Two probable causes-for this are the 

larger number of silanol groups per molecule, and the enhanced acidity 

of a silanol group when more than one siloxane bond is attached to its 

parent silicon. 

The model which has been presented provides consistent explana

tions for nearly all of the observed behavior of silica in solution. 

It connects the observations for silica in both dilute and concentrated 

solutions, and places them into a consistent framework. Discrepancies 

in both the reported reaction orders and the pH's for maximum polymer

ization rates can now be systematically explained. As an example, the 

initial average degree of polymerization for the silica in solution, 

although seldom noted in previous experiments, has a pronounced effect 

on the macroscopically observed behavior. 

The model, however, is not yet quantitative, and cannot be used 

to predict accurately the polymerization behavior of siiica in aqueous 

media. There are innumerable possible polymerization reactions involv

ing silicic acids of unknown acid strengths, degrees of branching, and 

extents of cyclization; therefore, the number of unknown rate 
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coefficients and equilibrium factors is also large. More quantitative 

information about acidities, structures, rates, and equilibria of the 

different silicic acids is vitally important. 

The ev.entual attainment of a successful kinetic model depends on 

continued research to unravel the chemical mysteries of polysilicic 

acids. In the final chapter, several suggestions are offered for 

additional study. 
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Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

., 

This chapter summarizes the major conclusions of this study. In 

the first of three sections, conclusions on the behavior of silicic 

acid in aqueous solution will be presented. This section will include 

new inferences stemming from the results of the present experimental 

work, as well as important findings of previous workers. The second 

section will briefly relate these conclusions to the problem of silica

scale formation in geothermal brines. In the final section, recommend

ations will be offered for the direction of additional work which must 

be performed to fully understand the problem of silica-scale formation. 

Fundamental Points 

(1) Monosilicic acid in aqueous solution will polymerize when 

its concentration exceeds some equilibrium value which is an increasing 

function of temperature. Polymerization is characterized by the link

ing together of two silicon-centered-oxygen tetrahedra by the sharing 

of a conmon oxygen atom. The polymedzation reaction is regarded as 

condensation polymerization, because a water molecule is split out 

when two silanol groups combine to produce a siloxane bond. 

(2) Solid amorphous silica represents the ultimate polymeric 

form (noncrystalline) of monosilicic acid. When solid amorphous silica 

is contacted with water, the concentration of monosilicic acid builds 

up in -solution toward its equilibrium value. As in any reversible 

chemical system, during the course of net depolymerization, monosilicic 

acid will be continually repolymerizing; so that, at equilibrium, the 
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rates of polymerization and depolymerization are equal. The repoly-

merization of monomer occurs mainly, although not exclusively, as a 

recondensation of monosilicic acid onto the solid amorphous silica .. 

Some of the monos-ilicic acid polymerizes with itself or other silicic 

acids in solution to form polymeric silicic acids. The small polymers 

initially formed can in turn polymerize with each other or more mono-

mer and continue to grow. Eventually, a maximum concentration of 

polymer is reached because the rateoffurther polymerization just 

equals the rate of depolymerization of the polymer formed. Hhen solid 

amorphous silica 11 dissolves" in water, equilibrium is established such 

that the amount of monomer comprises a large portion of the total 

silica in solution. 

(3) When a solution of monosilicic acid becomes supersaturated, 

by either a decrease in temperature, evaporative concentration, or neu

tralization of monosilicate anions, a net forward polymerization takes 

place such that equilibrium is restored. In theabsence of any solid 

amorphous silica (including colloidal particles), the monomer will 

polymerize in solution, and the concentration of polymer may build up 

to relatively high levels without precipitating. (If colloidal silica 

is present, polymerization will occur primarily as a condensation of 

monomer onto the ionized silanol surface of the amorphous si.lica 

particles.) If the concentration of polymer is very high (greater than 

0.5% by weight Si02), the entire solution will form a solid gel. At 

concentrations less than this minimum gel concentration (which varies 

with ionic strength, pH, and temperature), polymerization can result in 

the fonnation of high-molecular-weight particles of colloidal size 

which are soluble under certain conditions owing to hydrogen bonding 
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and ionic inte~actions occurring in aqueous solutions. 

(4) The polymerization reaction (siloxane bond-forming reaction) 

proceeds by the reaction of a neutral silicic acid molecule with a 

s i 1 i ca te ion . 

(5) The strength of silicic acids increases with increasing 

molecular weight (i.e., KA increases with increasing molecular weight). 

(6) The atid dossociation constant for monosilicic ~cid is 

1 o-9. 9. 

{7) The average acid dissociation constant foi an equilibrium 

solution of low-molecular-weight silicic acids (Me-detectable) is 

10-9.8_ 

{8) The maximum rate of polymerization as a function of pH 

occurs at a pH equal to the average pKA (= pKA) for the silicic acid in 

solution. As the average degree of polymerization increases, the maxi-

mum rate point shifts to lower pH's. 

(9) For pH-buffered solutions, the apparent overall reaction 

order in silica, n, for the polymerization of low-molecular-weight 

silicic acids is greater than 2 when pH< pKA, and less than 2 when 

pH > pKA. 

(10) The equilibrium constant for the dimerization reaction is: 

= [D][OH-] = 
Keq [M][M-] 

0.00748. The concentration ratio, [D]/[M]2 is a 

constant equal to 94 liters/mole. 

(11) The solubility of un-ionized monosilicic acid at 25°C is 

independent of pH, and equal to 0.0015 moles/liter (90 ppm Si02) .. 

(12) The approximate monomer : dime.r : trimer molar ratio in 

equilibrium soluttons for pH's less than 10 is 45 : 6 : 1. With this 
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distribution, therefore, 75% of the total silicon is present as mono

mer, 20% as dimer and 5% as linear trimer. The distribution is likely 

to shift towards higher percentages ofmonomer with increasing temper

ature. 

(13) Monosilicic acid reacts with excess molybdate color reagent 

(as prepared by Alexander's method (A3)) by an apparent first-order 

irreversible reaction whose rate coefficient at 24.5°C is approxi

mately 2.05 min-1. The yellow color is stable for at least 15 minutes. 

The·energy of activation for the color reaction is approximately 20 

kcal/mole for the temperature interval from 18 to 30°C. 

(14) Linear silicic acid polymers will depolymerize in the pre

sence of molybdate reagent and contribute to the concentration of 

detectable silica. Cyclic and highly branched polymers do not depoly

merize readily in the presence of molybdate reagent. 

(15) The polyrrierization reaction is exothermic; the heat of solu

tion (depolymerization) of amorphous silica is 3.35 kcal/mole, which 

suggests that the heat of siloxane bond formation by water removal is 

near -840 cal/mole. The equilibrium constant will therefore decrease 

at higher temperatures and, as indicated,,monomer will comprise a 

larger fraction of the equilibrium concentration of silica in solution. 

(16) The approximate average activation energy for the forward 

polymerization rate step is 10 kcal/mole, based on a recalculation of 

Bishop and Bear's data {83). Therefore the predominant polymerization 

reactions are approximately 500 times faster at 200°C than they are at 

25°C, provided the same degree of supersaturation is maintained. 
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Implications for the Formation of Silica Scale 

(1) The potential for scaling exists whenever the concentration 

of monosilicic acid exceeds the equilibrium solubility limit for amor

phous silica at the temperature of the solution. (This is true pro

vided amorphous silica is a metastable phase at the temperature in 

question.) 

(2) In general, silica scale formation will be much more rapid 

in neutral and alkaline brines than in acidic brines. It is unlikely 

that the natu,rally occurring pH • s will ever be high enough to retard 

scale formation by reducing the concentration !lf un-ionized species. 

Thus the observed rate of formation should continually increase with 

increasing alkalinity. 

(3) Except in instances of high degrees of supersaturation, 

sea 1 i ng probab 1 y occurs by a s,tepwi se condensation of monos i1 i ci c acid 

molecules onto a surface which contains bonded OH groups capable of 

liberating hydrogen ions. The OH groups can be silanol groups if a 

silica layer is already present, or the hydroxide layer of a corroded 

metal surface. If no corrosion of the metal surface has occurred, a 

sil'ica scale is much less likely to form. The rate of deposition of 

silica will depend on the degree of ionization of the surface silanol 

groups or other hydroxyl groups. Assuming the pKA of these groups is 

greater than 6, scale deposition will be relatively slow at pH's below 

5. The density of the scale formed will depend on the rate of deposi

tion. Very slow rates will produce dense scales (i.e., scales with 

low moisture contents). 

(4) In highly supersaturated solutions, polymerization of silica 

in solution will be most rapid in neutral and alkaline solutions. 
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There is a likelihood that this polymerization will result in the co

precipitation of colloidal silica with metal cations. Metal silicate 

precipitates will be more prevalent in brines containing significant 

portions of polyvalent cations. Aluminum and iron are potentially the 

strongest precipitation accelerators. 

(5) For a given degree of supersaturation, the rate of scale 

formation will be a strong function of temperature. 

Recommendations for Further Study 

The present research has helped to define the behavior of silica 

in aqueous solution. It has focused upon the polymerizing nature of 

silicic acid, and has identified a mechanism which accounts qualita

tively for much of the previously observed behavior of silica over a 

wide range of conditions. It has identified the probable scale

formation mechanisms, and has indicated how different chemical and 

physical conditions will influence the rate of scale formation. How

ever, a great deal of additional work needs to be done before the 

problem of scale formation is understood sufficiently to define appro

priate measures that will alleviate the problem. 

The foremost objective of future re·search into the problem of 

silica-scale formation should be the identification of scale-formation 

pathways through carefully controlled experiments under geothermal 

conditions. In conjunction with, or in the absence of, actual on-site 

testing, physical simulation of geothermal conditions should be per

formed with the intention of identifying specific problem areas and the 

conditions under which they occur. Care should be exercised in the 

proper simulation of geothermal brines. It is not advisable to utilize 

actual geothermal brines in artificial test systems, for such fluids 
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may have undergone an irreversible chemical transformation during the 

interval from initial collection to eventual reuse. It may also be 

misleading to simply dissolve pure amorphous silica in water. The 

best simulation procedure, then, although certainly the most difficult, 

would be to utilize actual reservoir rock samples from the geothermal 

area of interest, and to partially dissolve these in water at high 

temperature. 

Once an appropriate artificial brine is 11 Synthesized, .. a wide 
' 

variety of physical situations could be simulated to yield meaningful 

information on scale formation. Such test simulations might include: 

flashing in the well, phase separation, operation of brine heat trans

fer equipment, deposition of scale on clean versus corroded surfaces, 

etc. The results of this present study can be employed as useful 

guidelines in defining and settingupthese experiments .. One particular 

system is discussed briefly in Appendix 4 as an example of the kind of 

practical information that can be gained from simulation-type studies. 

Initial simulation studies will hopefully provide detailed 

information on the mechanisms of silica-scale formation under geo-

thermal operating conditions. Subsequent· study should then be devoted 

to establishing the rate of scale development and understanding the 

factors that influence it. Here, the research program should probably 

follow two distinct paths. One would involve a comprehensive schedule 

of continued simulation to determine emp.irically the rate of scale 

development under various operating conditions. The other would entail 

a detailed chemical study of the various scale-formation reactions to 

obtain a kinetic model to predict the rate of scale formation. 

In this regard, kinetic data on the polymerization of monosilicic 
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acid with either a corroded surface, an amorphous silica surface, or 

other silicic acids in solution would be of considerable interest. 

Such studies could be performed initially at low temperatures, but 

eventual scale-up to higher temperatures is essential. In conjunction 

with this study, it is particularly important to determine quantita-
' tively the dependence of acid strength on molecular size. In addition, 

efforts should be made to understand the molecular structure of 

colloidal silica, gels, and hard amorphous silica scales. With such 

information available, significant strides would have indeed been made 

towards the understanding of silica-scale formation. Ultimately, once 

the silica-scale proQlem is sufficiently understood, the appropriate 

corrective action can be taken. 

General Conclusion 

In connection with geothermal energy development, the present 

research project has explored the problem of silica-scale formation in 

the perspective of what is known about the aqueous chemistry of silica. 

New experimental data and theoretical deductions have been added to 

previously existing knowledge. The remaining need for extensive addi

tional information on silica chemistry will require the combined effort 

of many individuals. Given our diligent attention to these complex 

problems, geothermal energy may in time be utilized with sufficient 

success to improve the quality of life for generations to come. 

\ 
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APPENDIX 1 
RATE RUNS: EXPERIMENTAL DATA 

OUFFERfO IIU( RUN 

-----~-·-· 
STOCK YlLUTION - M(TASIL.,C:. 6it;·t, "l.l N. !.AT ~~,HI., 
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25 56.0 46.5 '•0· 5 )6 .o --· 3:!.8 l.J .o Z?.O ~6.] 26.0 
JO 56.0 47.8 '>2. 5 lA,I) )6.0 l2.4 JO,'i 2Q,4 27. "J 28 ,I) 
toO 50.5 'tc .6 43.!1 3? .3 31>.'5 3'5.1 :n. o 32. ~ 6. 7C 
so 55.0 lt9.5 itS.!> 4Z.~ 31.() 31.0 3'!1.5 :.H. 5 )'o.i) 
60 57.0 ~z •. o 'tR.5 .. ~. (. 42.0 .. n. n lH.S 3 7. 6 31.'5 
80 53.0 50.5 't6.S 't),8 42.1 ,,.,.. ~ 4).:J 

100 ·-- .. - ... ---·- .. -. 52.1 ltct .9 47.3 48.5 6.67 --,zo -- 53.3 
150 73.5 6q.o clt.5 62 .J 60 • .) 57.7 57.0 lj6.Lt 56."' 56,i) 
180. 6'1. 0 65.9 63.1 61.5 5Y.5 58.5 57,9 57.lt 57.1 
.!10 61,0 z .. o 64.to 61.5 63 .o tl.7 61.t 6.65 

--- )00 66 s 65.7 65.0 61>.6 6't .o 
360 78.5 74.0 70.8 68.9 o7. ~ 6~. 3 62.2 ~os.a 



8\I'FEREO ~ATE RUN 3 

---------- __ STOCK SOLUTION - MET AS ll ., G. HCl, ~L.lN. WATER ,ML. 
(RESIN SLURRVI 1.901 2 200 

- SAKPLE--.:..--STOC IC 'foiL. 
100 

HCL, HL., N. NAOH, "~L ., N. 
12.5 o. 05 

NAOAC,ML.,~~. 

22.0 2 

----------'""-r_RAf\SMITTANCE READINGS 11 !'ll./50 ~l. PEAGFNTI 

COLO~ DEVELOPMENT Tl~~ lSECI 

146 

-- - --- ----. --30 45 60 75 90 120. _1~0. 180. 240. 300. 10"'N Pt' 
STOCK 55.0 44.5 37.8 33.3 30.2 26.2 24.0 23.5 22.4 21.7 21.3 
REACTIO~ 

TIMEt MIN. 
----- 0 -- 45.5 39.5 32.0 28.0 25.8 24.7 23.7 23.2 

5 54.0 45.0 39.0 35.0 31.8 2~.0 25.1 24.2 23.6 
---·io _____ - 48.0 42.5 38.3 35.8 3t.a 29.7 zq.o 21.127.3 

15 ~8.3 ;o.5 45.2 41.1 38.2 34.5 32.3 Jo.e 29.4 29.J 
-----··zo 6o.o 51.6 46.2 42.3 39.5 36.3 34.3 J4.o 33.o 32.5 

30 58.5 53.2 49.7 46.5 42.13 40.5 3tj.5 37.5 37.1 
----45 7<f~(f62.0 'H.O ;3.5 50.8 47.6 45.8 45.5 '4.5 44.0 6.95 

60 71.5 65.o 60.6 57.5 53.0 51.7 so.8 50.5 so.s 
----90 76.5 70.5 66.5 64.o 61.8 59.5 5a.s 5a.o 57.2 s1.2 

120 71.0 72.5 .;9.3 ~6.5 64.5 62.2 c\l.S t:0.5 t:C.C 60.1 
---iao 76.o 12.a n.o 69.5 67.s 66.8 66.o os.b 65.5 6.9o 
--~~--------·----------7'!_.0 70.5 69.0 68._4 68.2_68.0 67.5 

---~·- -·-·------------·---· BUFFERE.O RATE RUN .. .. 4M 

-------STOcK--SOtuTiCN- METASIL.,G. ~Cl,I'IL.l"'· WAHR,114L. 
_______ f_R.ESIN .~LURRVI ____ ... _1.900 -~ 200 

SAMPlE - STOCK,~l •. HCL 1 ML.,N. _ NACH,~l.,N. 1'\AOAC,ML.,N. WHER,'1L. 
-- -·- ·-- . 100 17 0.05 5.0 2 33 

--- ---------TRANSMITTANCE. READ I NCS ( 1 Ml./50 ~l. ·flE~GENT) 

----·- ----COlOR DEV ELOP~~"'T T tME l S ECI 
30 45 60 75 90 120. 150. 180. l40. 300. 10~~ 

-- STOCK ___ - ~ •• d.4s.o 3B.b 3~.5 31.5 27.6 25.4 Z4.a 23.5 22.8 
REACTION 

TIME • H IN. 

---~--- -.-··----------- ·----------. .,. 
---6---· ---------------·-. ·------- --------- ------ -

8 . ---io _____ - ···---·--·-- ··-------- ...... · -- ·---------------·-·- · 
l5 

---20----------; ·------------------------------- · 

30 
----~0 

60 
90 

120 --·,so--------------- --· -·-·- ----- --------
180 

22.6 
22.7 
25.7 
28.5 
30.5 
33.5 
u. 5 
<\7.3 
54.0 

. 57.0 
62.7 
6'5.8 
67.2 
68.5 
69.6 

7.45 



0 {) 4 4 [) 0 4 8 

--···· __ BUFFERED ·RATE P.U~ _ 5 _____ -·- .. _ .. 

STOCK SOLUTtON- ME.TASIL. ,G. ~tCL,H.lf\. W~TEP,,..L. 
(RESIN SLURRY I .. 1.900 .i . 200 

---SAMPLE -~·STOCK,~L. HCL,ML. ,N. NACH,~L.,N. NAOAC,ML.,N. WATER,Ml. 
100 2 2. 3 o. 05 77. 7 2 ------- ·--· - - . ··-- ·-·---- .. --· ...... . 

--------T~A;'-'~~I_T_TANCE _READINGS (1 ~L. ~50. ML. P.E/IGENT I 

-------- COLOR DEVELOPMENT TIME (SECI 

STOCK 
-REACTION. 
Tlfo\E, MIN • 

30 45 60 75 90 120. 150. lBO. 240. 300. 06~N 
54.()__4_4_~? 38.4 34.3 31.3 27.5 25.5 24.5 23.7 23.2 

. -·-·-·o--· .. ----------------------------------------- ·-- · .... 23~ 1 

---~-~--- --·------------ ----·- !~:~ 
7.5 52.3 --to-----·-· -------·--· -.. ---- .... ----------·-·----- ·---- .. · ss .5 

15 60.0 --z-o--· ------------------------· -·-------- --- · 63.1 

30 8Z.o 78.0 74.9 72.6 71.4 69.5 68.5 6j.7 67.3 66.5 
--4o·---·-8o.s·76.'5 73.4 71.7-70.4 .. 68.9 6d.o e7.3 67.1 66.9 6t.s 

60 76.0 72.8 71.3 70.4 69.7 69.5 69.5 6d.6 
---90 ___ 83~5-79~8·77.6 76.5 75.i 73.7 73.2 71.4 71.2 70.9 71.4 

120 81.5 78.0 7'5.9 74.3 73.3 72.1 71.6 71.3 72.3 71.9 71.8 
--180 .. ___ . 83.5 81.3 79.7 78.5 77.4 76.7 74.8 74.5 73.8 

5 DAYS 92.0 88.5 86.9 85.7 85.0 81.8 80.5 

.. BUFFERED RATE RUlli . 6 

, _______ STOCK SOLUTION- HETASIL.,G. 1-CL,I-lL.lN. WATER,ML. 
·. . IRE SIN• SLURPYI 1.652 200 

PH 

8.00 

8. C'5 
s.oc 
8.oo 

~--SA-MPL£ .,:--STOCK,~L. HCL,ML.,N. NAOH,)o!L.,N. NADAC,"'l.,N. WATEP.,•n. 

·-·---- ---- --- 100 72.7 o. 075 27.3 

________ .. _____ 1:,RANS"'ITTANCE READINGS 11 ML./50 ML. REAGENT) 

CO&.OP. DEVE&.OPMEN f T I~E l SEC I 
30 45 60 .. 75 90 120. 150. 190. 240. 300. LOMN l5MN 

1. STOCK 46.5 37.5 32.2 28.8 26.5 24.0 22.8 l2.2 21.7 21.7 22.0 
: REACTION 

TIMEt Ml N. - . 0 . 

---.. 1_ -------· ---·-·-- ---· ------··· ----·- -----· 
l 
3 
s 

___ J ... 5 ______ ------_______________ .. ____ ----
10 

24.5 
33.4 
39.5 
42.4 
46.8 
48.5 
52.4 

·--- u. 5_ -u ....... -·-··-----· ----···---------· -· --·- 53.8 

20 
30 

45- - -. -. ····-- - ...... - ·- . -
60 
90 

120. 
22.S HRS 
"8• !I HR S 

54.'5 
55. 1 
57.5 

.. -- -·- ... --------· . 58.8 
60.5 
60.0 
61.5 

67.0 

45.6 

50. 7 
52.5 
52.8 
~s.c 
57.2 
5tl.l) 
60.C 

61.1 
66.5 

22.2 
'30.5 
3&.5 
40.7 

47.5 

147 

PH 

8.99 

9.00 



BUFFERF.O RATE RU~ 7 

________ STOCK Sflt.UTIOU- METASlL.,C. HCL,I'L.l~. toAT"Pol'l. 
C RES IN SI.URP.Y I 1.'1tJO 0 200 

SAMPLE - STOCK,IIt.-. HCLoMl ,,N, NAOH,ML. ,N. NADAl: ,I'Lo ,N. loATER,"ll • 
. ,.,. '+8.6 0.05 1,1, 

TR ANSH rT JANCF P.FAO INC S ( 1 I'll .1~0 •n. REAt:F.NTI 

COLOR OE~FlOPI'ENT TI"E I SEC I 
30 4'5 60 75 90 120. 150. 111C. 240. 300. OI.>I'N 11 I'N 

STOCK 44.0 lit.') 2q.l 25.8 23.7 21-1 zo.o 19 .5 19 .o 1a .a 18.6 
RFAC TlON 

TIME, MIN. 
0 2s.-. 23.0 
2.5 ···-· ...... 40.5 38 .o 
5 46.C 4 .... 1 
7.5 u •. o 47.0 

10 51.3 50.'1 
15 ·--· ·-·-···· ---- -··. ··- -· ---- ---···--·--·· 52.0 51. 7 
20 53.6 52.4 
30 ss.o S'- .oo; 
itS 57. c 
60 57.1t 57 .o 

120 78.0 72.0 68.0 65.5 63.5 6lolt 60.5 60.0 '59. 5 59.5 ~9 .o 
______ 19 HRS 63.0 

ltl ttkS 65.8 

BUFFERED RATE RUt; 8 

STF'CK SOUiffCN- li'ETASIL.,G. HCL,ML,lNo WATF.R,Mlo 
~RESIN ~LURRYI 1.90~ . 2 200 

·--SAMPLE - 51'0CK,"L· 
100 

ltCL,P'L .. oll.o NAUHoML.,N. NAOAC,ML.,N, WATER,Ml. 
ll o.os 69.0 

____________ TIUII.SP'If~,U~CE REAOtNC:S (l "'L,/50 f'llo. REAGENT! 

STOCI( 
.... - RfAC.T ION 

Tl ME • Kl 1\1, -----0 . 

2.~ 

5 
7.5 - ----,0 

12.5 -----,5 
20 
25. 
30 
4S 
60 

-----·- -90 
oS !iRS 

115.5 HI\S 

COLOR 0£V£LOr14fNT Tl~~ ISF.CI 
30- ~os 60 75 90 120. uo. aaJ. 2~oo. 100. lOMi\1 

5t.o 41.3 35.4 31.3 28.5 25.4 n.a 22.'1 u.2 22~0 

21to8 
3t. ~ 
lt0o8 
4C.o'l 
45,; 0 
47.5 
49.0 
sc.o 
50.5 
51.5 
51.4 
53.0 

·s4o.S 
59.8 

. 60.3 

PH 

148 

.~ 

l'-'"" PH 

22. ~ c;. 2 5 
37.8 
43.2 
46.'1 
')0.3 9.40 
St. 3 
51.C c;.Je 
54 ... q ... .) 
5<> ... 

<;.t,J 
;e.7 9 .Jr 
b2.3 '1.45 

9.5•1' 



-. 

0 0 i."~ 
_,, 

4 0 ~) 0 4 9 v "'i 

BUFFERfO _RATE RUN_ 9 __ .. ___ . 

STOCK SlllliTICN- METASIL.,G. HCL,ML.l~. WATEP.,Ml. 
(RESIN SLUR~Y) 1.900 2 . 200 . 

149 

·-54-HPLE- STOCK,,..l. HCL,ML.,~. NAOH,ML.,N. 'HOAC,ML.,N. WAT~R,Ml • 
. --------- _1_()() ________ .. ________ 51 IJ.OS 49 

---------~ANS,.I HANCE READINGS C1 Ml./50 M~. FIE AGENT) 

COLO;t DEVELOP "'F.~ T T !ME (SEC I --·--·-30 ___ 45 
!»0 75 '90 120. 150. tao. 240. 300. lO"'N PH 

STOCK 50.5 41. e 36.0 32.0 29.2 26.0 24.3 23.4 22.4 22.0 21.7 
~-REACTION 

l"IME, HI N. ---- o·- ~ .... 
55.0 "46~0 39.8 35 .--s 32.4 28.6 26.0 24.7 23. 4 21.3 9.96 

s 57.0 43.0 42.2 37 .a 34.& 30.9 2tJ .8 Z1. 5 25. q 25.0 --,0---- 56.5 48.0 42.0 37.8 34.& 31.0 213.7 l7.5 25.3 24 oR 
20 57.0 48.5 43.0 39 • .J 36.0 32.4 30.3 29.0 27. 7 26. 7 10.()5 ----:30 _____ 

58.5 so.:> 44.5 40.5 37.4 33.5 31.5 30.5 29.3 28.5 
ItO 55.0 ItS. 5 44.5 40.6 36.3 33.5 32 .1 30.5 30.0 10.05 --so ___ 

63:5 54.5 't8.5 44.5 41.0 36.8 34.1 32.9 30. ') 
60 61.0 52.J 46.5 42.5 39.5 35.9 34.0 32.8 32.1 31.9 9.95 --·-9o·- --- 62.-0 54.0 48.0 44.3 41.5 37.9 3~.2 35.4 34.5 33.5 10.00 

120 62.5 54.5 48.5 45.0 41.9 38.4 36.5 35.6 34.6 34.2 10.00 
--ISO ·-·--··· 62.0 53.J 4B.O 4't.5 41.7 38.5 36.9 36 .3 35.6 34.8 10.C5 ; 

300 35.6 10.00 f. --29 ... HR·s---------- ---------·------·- -------- -·-- -~-------~---- .. - .. 38.5 lC. 35 
L __ . ___ .. ___ ----

BUFFERED PATE RUN 10 

STOCK ~OLUTIO~- METASIL.,G. HCL,~L.l~. kATER,~L. 
--CRES.IN SLUP~Y) 1.900 · 2 ZOO 

-SAHPLE-:..::-STOCK,ML. HCL,ML.,I'\. NACH,ML •• N. NAOAC,ML.,N. WATEP.~L. 
·--·'·-----C _ , ·- 80 26.4 0.03 81) 2 13. (; 

·------- __ TRANSMrTTANCE READINGS ( 1 ML./50 fo!L. PEAGENT J 

COLOR OEVELOP~ENT TtMF. (SECI 

\-_STOCK 
30 45 60 75 90 120. 150. 190. 240. 300. 10~N 

54.0 45.0 38.5 34.5 31.5 27.5 25.3 24.1 23.1 22.i:: 
,.' REAC Tl ON 
t r lME, MIN. 
. 0 

_. ____ -~· ~ ____________ .. ___ ··------·-·-. 
5 
7.5 . ----io · --- ···--·-------· ------------------------ ---- --- ···· ---

u.s ------15 ----·---··-· --- .. --·- .. ----------------------------------- .. --

20 
--· ·-25' 

30 
"0 
60 

---90 
120 --·--uo 
240 
300 

llo HRS 
1~9 HKS 

~o.o 76.~ 't4:o 7i~a 70~5 69.5 69.2 6~.7 68.7 
79.9 76.0 73.6 72.3 71.6 70.4 70.0 70.0 
79.i 76.0 73.d 72.4 71.~ 7J.7 70.5 

29.0 
35.0 
41.2 
Itt. I! 
50.4 
52.0 
55.C 
58.5 
61.J 
62.5 
63.5 
6~.a 
66.3 
69.5 
70.0 
74.0 
11.1 
76.5 
77.9 

PH 

a. 15 

e. 08 

8.05 

8.05 

a.os 

a. o5 
a. os 
8 .oo 

s.oo 
e. co 
8.0) 
a. cs 
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8UF_FERfD _R41E __ RU~_ll ______________ _ 

---~--STOCK SOLUTION- HETASIL •• G. ttClo~L.lN. WATER,ML. 
TRESIN-SLUIH~Yt 1.900 2 .. 200 -

S4HPLE- STCCJ(,ML. HCLoML.,;... 
60 

NAOH,roiL.,N. ~AOAt:,ML.,N. WAT!:R,ML. 
32.4 o. 02 89.4 2 18.2 

TRANS~ITTANCE READINGS (1.6 ~L./50 ~L~ REAGENT) -------- ------- -- - -

COLOR OtVELOPMF~T Tl~E CS!C) 
-------3Cf-- 45 ___ --60 75 90 lZv. 150. LBO. 240. 300. LO~N P._, 

STOCK 54.0 45.0 38.5 34.v 31.0 27.0 24.7 24.5 23.5 22.9 
-REACTION 

TIME, MIN. 
-----o-------43-.o 3!,"-.o 31.5 29.2 27.5 25.5 24. 5 23. 5 23. c 22. 5 

25.4 24.9 23.3 23.9 
l1.8 27.5 27.2 27.0 
33.8 33;3 32.8 32.6 
3'>.5 3'7.0 36.7 38.1 
44.8 44.5 44.0 43.7 
47.8 47.5 47.2 47.3 
50.5 50.2 so.o 40.7 
52.4 52.1 51.8 52.0 

10 47.0 37.5 33.5 3v.s 28.5 26.5 
--20 ___ 46.5 39 •. 0 34.8 32.3 30.5 za.5 

30 52.0 4~.0 41.0 38.5 36.5 34.5 
45 57.0 50.0 46.0 43.5 42.0 40.4 
60 61.5 55.5 51.5 4q.o 47.3 '•5.7 

-----75 62.5 56.3 52.8 51.0 49.5 48.3 
90 LS.O 58.6 55.9 52.4 5l.J --no _____ -67.o 6t.o s7.5 56.o 54.5 53.o 

150 68.5 S3.0 60.0 58.0 56.8 55.8 54.8 54. 7 54. 7 
55.5 55.0 56.0 

58.1 57.8 57.5 57.5 
59~5 59.2 58.7 59.5 

--uo _____ Jo.o 64.5 61.5 59.s sa.5 57.o 
240 71.0 66.0 62.5 61.0 59.8 5 •• 6 

--no----- 71.5 67.o 64.o t.2.2 t.L.J 6J.o 

8UFFERED RATE RU~ 12 

STOCK SOLUTION- METAStL.,G. HClo~l.l~. ~ATER,~l~ 

IRESI~ StURPY) 1.900 2 200 

SAMPLE- STOCK,Ml. HCL,HL.,N. NAOH,ML.,N. ~ACiAC, fo'l. , N. 
______________ 50 18 0.03 50 2 

·--------- ____ JRANSM ITTA~·CE READINGS ( 2 ML. /50 ~L. RFAGI= ~~) 

STOCK 
REACTION 

-~ I_HE, __ MIN. 

0 -----,5 
30 
-\5 

___ 60 

90 
120 
150 
180 
240 
300 
360 
l2 H:tS 
29 HRS 

llt5 HRS 

COLOR DEVELOPMENT Tl~~ CSECJ 
30 45 60 75 90 121). 150. 1dC. 240. 300. 10"'f.; 

49.0 40.0 34.4 30.5 27.8 24.4 21.0 22.5 21.8 2~.5 

42.0 34.5 29.7 27.2 25.5 23.3 22.5 22.3 21.0 
42.0 34.0 29.8 27.2 25.5 23~8 23.2 22.6 22.2 21.6 
43.5 36.0 31.3 28.5 26.7 24.6 23.6 23.0 22.3 
45.7 37.8 33.4 30.5 28.8 26.7 2~.6 25.3 24.8 24.6 
47.o 3~.o 34.8 l1.8 3~.c za.o 2~.9 2~.b 26.1 26.0 
51.5 44.5 4J.J 37.2 35.4 32.Q 31.5 31.0 31.2 
54.8 48.0 4J.q 41.~ 39.7 37.8 37.2 }6.7 36.5 35.~ 
SS.O S1.5 4~.! 45.0 43.3 41.0 40.3 40.0 3Q.S 38.7 
sa.~ s2.o 4s.o 45.6 44.0 42.3 41.6 41.2 40.a 40.6 
61.5 55.3 ')1.7 49.4 47.8 46.~ 45.1 44.7 44.4 45.1) 
64.0 57.8 54.0 51.7 50.0 4S.5 47.7 47.6 47.0 

S5.5 53.5 52.1 50.7 so.o 49.0 48.7 48.4 
71.0 66.0 67..8 60.0 58.7 57.3 56.3 56.0 54.~ 

56.2 
59.7 

7.95 

7. e5 

1.82 

7. 82 

7.98 

7.80 

7.75 

7.t5 
7.(.5 
1. t 5 
7.eo 
7.55 
7. 50 
7.~0 



0 0 4 0 0 0 
151 

Bl:lfffRED RATE P.U~I_ ~3. ----· ___ ... ___ -----··· 

STOCK SOLUTIO~- METASJL.,G. I-ICLIML.1N. wATER,~l. 
-------·-----(RESIN SLURRY) 1.900 2 . 200 

-SAHPL·e·- sT·ocK,~L-.· HCL,ML ., N. NAOH,fo4L. ,N. 
4o 7.6 a.o5 

NAOAC,ML.,N. 
20 2 

WATER,II1l. 
132.4 --------------··-·· ----------- ----·.-

'!.!t~NSMIT_TANCE RE.AOINGS ( 2 ~L./~0 ML. REAGENT) 

COLOR DEVELOPMENT TIME (SEC) 
----------3()-45 .60 75 90 120. 150. 180. ?.40. 300. liJ"'N !>H 

STOCK 54.0 45.0 38.2 33.9 30.5 26.4 23.4 22.0 22.7 22.0 
-REACT ION·-

TIMEt Ml N. ----o-··-· - 53~-o 44.o 38.8 .. 35.·0 n.o 30.5 29.0 Z9.o 28.5 a.oo 
_____ 10 53.5 45.5 40.0 36.5 34.2 31.3 29.8 29.4 28.7 28.5 

zo·----55.o 47.o 41.2 37.7 35.3 32.130.7 29.7 29.3 2e.s 
30 54.0 46.0 41.0 37.2 34.6 31.7 30.2 29.5 28.8 28.7 

---;;.s ____ 55.o 46.s 41.o 37.o 34.o 31.3 29.s 29.5 2a.s 
60 54.0 46.0 40.7 37.0 3~.5 31.5 30.1 29.7 29.3 28.5 7.7S 

---9o-··- 54.0 4u.o 40.7 37.0 34.5 31.0 29.5 28.9 29.6 
120 54 .a 45 .o 40.o 36.o 33.5 31. e 3<J. s 29.5 2c;. c 28. s 

----i5o 55.o 47.0 41.6 37.8 35.3 3Z.o 3~.5 3o.o 29.5 29.2 
180 54.0 45.5 40.2 36.9 35.5 3l.7 30.5 29.8 29.4 28.6 7.56 

--240·----53.5 46.0 40.5 37.0 34.8 31.7 3J.l 30. c 29.8 
300 53.0 45.5 40.5 37.0 34.Cj 31.9 3~.5 29.8 29.8 

---.-2rt-t~s--66.o s8.6 5'•·s 51.9 49.a 47.2 45.8 45.8 44.a 45.o 7.4o 
29.5 HRS ~8.0 61.8 57.5 55.0 53.0 51.0 50.0 49.5 48.5 48.5 

---lt51iRs··· 51.a 1.~o 
69 H~s 71.5 65.5 62.0 59.5 5a.o 56.0 54.9 54.7 54.3 54.5 7.35 

--l97HRs··----------- 59.'5 7.25 

---------------------------------·----·. 
BUFFERED RATE RUN 14 ---------------------------- . .. 

STOCK SOLUTION - METASJL.,G. HCl,ML.l~. ~ATER,~L. 
-------·(PESIN SLURRY) 1.65J 200 

---s-'AHPte--· ·sTOCK,MC~- HCL~Ml. ,N •.. NAOU ,HL. ,N. NAOAC ,ML. ,r1. WA HR ,Mt. 
100 78 0.075 22 ---------------------- -·····-

TRANSMITTANCE READI~GS Cl ~L./~0 ML. REAGENT) ----·--------·-····· .. ---- --· .... . - ··-·· 

toLOR DEVELOP~ENT TI~E CS~Cl 
-~3·0--45- 60 75 .90 120. 1t;O. ldO. 240.300. lO,..N20.,N 

STOCK 48.0 3q.5 33.8 30.0 27.6 24.8 23.5 22.7 22.3 22.1 22.1 -REAC TlON ---- ---- --- - --- - - ------ ---

TIME, HIN. ----·o --------------------------------- ·-- · ·---------· 23.5 2t.4 

s 32.8 31.8 
--'lo -------------------------- ···- 3<i. q Je. 1 

15 ~5.2 44.0 ----·-zo·--- ------·--··----- ---------,------ 4<i.'i 48.4 

2~ 5~7 51.6 ---·Jo·---------- --- ---·---"--·-- -'··- ----·-- ----·------------ ---- ·-· 55.3 54.4 

~5 59.4 5<i.3 ---oo- ------------------- --·--·--------------------- ·f2.o 61.a 

90 
-- .. - 120 

180 

61o .6 64.6 
66.0 
67 • .; t1.0 

20.7 
3l.3 
3~.: 

44.'1 
41:1.0 
SJ. c; 
54.3 
5fl.4 

7. 6'5 
7.'55 

7.')4 

7.4 0 
7.32 
7.32 
7.3 z 
7.30 
7. 34 



152 

-----·- ---- -· ··-·-----------·-- ---------------. ·····- - .. 

____ ---·- -------- --~BUFFERED RATE RUN _1_ __________ ·--

STOCK SOL UTI ON - METASll. ,t;. HCL, "'L.1 ~. W,iT ER, ML. 
---···--·(RESIN SLUP.RY) 1.902 2 200 

--SAMPLE-.: STOCK;Hl~-HCL~Ml.~~N. NACH,~L.~~~ --NAOAC,HL.,N. WAHR,ML. 

------· ---~00 -----·--·------···· __ 58 0.025 ·---- ·---·--. -- 50 

_______ TR.~~~!"I __ T_IANCF. _READPIGS (1 foll./50 ML •. PE~GE~T) 

COLCR OEVELOPMFNT TIME (~~C) 
-----------3(f- 45·-- oo ·75 90 120. tso. tso. 240. 3oo. 10~" zs~N PH 

STOCK 51.~-~2-·~-~-6. __ 5 32.4 29.5 26.0 23_.~ _______ ?2.5 21.9 
-REACTION 
T U:E , HI N • 
--·-a··--· - t>3.o ss-~5 so:s 47-.o 44.5 41.o 

15 77.5 70.5 66.0 63.5 61.0 59.0 
--30--76-.o 7n.o 66.4 63.8 61.5 58.9 

60 77.0 11.8 68.0 65.5 63.7 61.5 --9o _______ ·n.o n.a 6s.o 65.5 63.5 61.4 
150 78.0 72.8 69.8 67.5 65.5 ~3.5 

38.9 
56.7 
57.9 
60.5 
60.5 
62.5 
61.9 
6R.4 

31.8 
55.8 
57.2 
sq.a 
59.5 
~2.0 
62.0 
67.5 

3~.5 35.6 33.4 3J.6 ~.05 
55.0 54.6 54.u 52.9 9.13 
56.5 55.5 55.4 54.4 9.18 
51!.4 5A.lt 57.A 57.1" C).l7 
59.4 58.9 57.9 57.5 9.13 
6i.o 60.5 (O~l ~9.4 9.25 

--i'to- -18~0 n.o 10.0 67.5 66.J 63.5 61.8 61.8 61.3 9.1B 
--~~..!'~-~- ~2_.~_1_a._o _ ?_5_._ Q_.!}_._o 11.3 69.4 67.0 66.5 66.3 9.98 

----·-··--·--UN-BUFFERED RATE--RUN 2 

-STCCtCSIJLUTtON -METASJL.-,G~ .. Cl,HL.l~. WATEP.,ML. 
fPESIN SLURRY) 1.902 2 200 ·-------· - .. . ' ... _ 

SAMPLE- STCCI<,IIIL. HCL,~L.,N. NAOH,foll.,N. to~AOAC,~L.,N. WATfP.,~L. 
------------- 50 - .. 27 0.025 150 

--TRA~iSMI TTANCE READINGS C2- ,.L./50 ~L. PEAGENT) 

---·--------·-- -COLOR -OEVELOP'lENT TIME C SEC J 
30 45 60 75 90 120. 150. 1 ao. 240. 300. lO"'N PI-I 

-srocK --·-· .• 
51.0--43 .~ 37.5 33.5 30.7 27.3 25.0 24.0 23. 1 22.6 2Z.A 

REACTION 
,-IME ;· H IN~. -··-· -·- ··----- .... ----~ ---~ ···--···----. --·-·--- ... 

0 54.0 45.2 39.4 35.3 32.3 28.1 26.5 25.5 24.5 24.1 24.3 e. 95 --30 ______ 55.0 
40.0 41.0 36.8 J4.0 30 .2. 26.7 2.1 .1 26.3 25-.d 25.7 c;.cc 

60 56.0 48. a 43. 0 3-3.8 36.3 32. s 30.5. 29.6 28.7 26.4 2!!.5 8.Stl -·us -·- - - 6 z .o ~3.8 49 .o 45.4 4~.8 )9 .5 37.8 )~.9 35. 7 35. s 3~. 5 <;. C5 
180 65.0 57.2 52.2 49.0 46.5 43.5 41.-4 40 .6 39.7 39,5 39.) <7.05 

--l.10 ____ 65.0 ~7.0 o:z.a 49.8 "7. 6 45.0 43. q 43,4 42. 8 42..'5 42..5 9.15 
25 HRS 74.0 6~.0 6'3.7 C>o .a 58.5 56.0 54.8 54.0 ~:!. 'i 5 ). 2 53.C e. 5C 

--·31-HRS- 7-4. c 6d. c 64.0 .:..~..o 58.5 56.7 55.0 54.8 54.4 54.5 54.5 
4~ HRS 11.0 11.0 t:7.o 64.2 62.0 '59. 8. 58. 1 57.8 57. c SCI. a !>6.8 8.60 

---··-· 



0 0 0 5 

UNf\;.JHERED RATE RUN 3 

STOCK SI11.UTION - "4ETASIL. ,G. HCL,,.l.111i. \oATER,P'L. 
--------~(RESIN SLURRY) 1.910 2 .... 200 

----SAf.iPLE·;_ STOCK,"'L. HCL,ML.,N. ~AOf.f,ML.,N. 

----··-----··----15_ ----··- ........ _.38.3 0.025 
NAOAC,~L.,N. wATER,ML. 

100 

_.J:RANSM IT~ANCE READINGS ( 1. 5 ML./50 ~IL. REAGENT) 

COLOR DEVELOPMENT Tl,..E fSECJ -------- 30 45 60 75 90 120. 150. 180. 240. 300. 10,..N PH 
STOCK 55.5 46.5 40.5 36.5 33.5 29 .a 27.3 26.0 25.6 24.9 

REACTION 
_JJ~Et. MIN. .. 

0 55.0 46.0 40.0 36.2 33.0 29.5 21 .a 26 .a 25.8 24.8 23.9 a.qz 
15 63.0 55.5 50. 5 46.8 44.9 41.8 39.;5 39.5 3<i.2 3J.5 9.00 .... 
30 68.5 62.0 57.0 54.0 51.7 49.3 48.2 47.8 H. 3 4 ~. c; 4~. 6 
lt5 67.5 57.0 54.0 52.0 49.7 48 .o 47.6 46.4 47.4 9.07 

-----60- 68.0 62. s 58. 8 56.0 53. 6 51.5 50.1 50.4 50.0 48.8 48.5 
90 70.5 64.5 60.8 57.8 55.9 53.8 52.4 52.0 o; 1. 5 50. 5 sc. 8 c;. 1 c 

---Izo -···--10.0 64. 0 60.0 57.0 55.5 53.1 52.3 52.0 51.5.51.0 53.8 
180 74.5 68.0 64.0 61.5 59. 5 57.3 57. 1 c;t;.1 56. 4 5t.4 5<i.9 9. 00. 
275--

.. 

71.5 66.0 62.1 60.0 58.5 56 .a 56.5 56.2 56.0 55.8 55.8 9. 10 
--~~.HRS 79.5 74. 0 70.0 67.8 65.8 63~8 62.7 62.0 62.0 60.5 60 .s 8.90 

------------· -~----- .. -·-- ...... ~---- .. 
. UNBUFFERED RATE RUN 4 

- STOCK·s·ouin CN - MET 1\S IL., G. HCL,.Ml .lN. WATF.R,r-ct. 

---------· _______ _c ~E S I~L S~Ur:t.RYI 1.900 .. 2_. zoo 

-~~~!-~ __ .::._S:J':OCI( ,loll~ .. J:!CL, ML., 1\. NAOH,HL., N. NA04C,~IL.,N. WATER, 'IL. 
100 61.5 0.025 50 

-TRANSMITTANCE READINGS (1 n.i5o P'l. REAGENT) 

153 

--·----·---- .. ---·-- COLOR-OEVELOPMENT T I~E fSF.CJ 
30 45 60 75 90 120. 150. 180. 

--sroa:---5·4.o 45.o 39.o 34.8 32.o 2s.9 zs.4 Z4.5 
REACTION 

240. 300. 06MN llMN ZOMN 
23.4 23•0 Zl;.9 

- f IME, HIN. - -·- -· --- ------------------- ···-- ···--

·-------·o·--· --------------------- ------ ·-· ---- ·· ---------- lO~·o 

s 50.0 rcr-·-------------··-··----·- ··-····-··- --·- --- 54.o 
15 57.1 2o --- ·- ----------------- ... ·--·- -------------------- 58.5 

30 58.5 
-·----60-- --·-··-- -----·· ···--- - - -·---·--------· -·-·- 61 .• 5 --· -· 

120 63.0 --zz -ttRs··-----·- ---------------.--6a;.s--·----

28.1 
· 47 .a 
53.0 
55.5 
57.1 
57.1 
60.5 
61.5 

. -- 6l. 5 

PH 

c;. 10 
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__ __.. ________ -·----- - .. -· -~~------ ·-·- ---------- ----------. ··-------- .. ---

---- __ -· ·---·- _________ UNSU~~EPEO RATE -~UN---~ _________ _ 

STOCK SnLUTlON- METASIL.,G. HCL,ML.1N. ~ATER,ML. 
--------&RESIN SLUP.RY) 1.902 2 . 200 

--SAHPLE-.: STCCK,'1L. 
lCO 

HCL,ML.,N. NAOH,ML.,N •. NAOAC,ML.,N. 

---- - - . -· - -~~ . 0 .oz -- .. --- -· 
TRANSMITTANCE READINGS (l ML./50 ~l. REAGENT) -------------

COLOR DEVELOPMENT TIM~ (SECI 

WA TER,~Il. 
5i) 

------------ --3·o ---·its· 60 75 90 120. 150. tao. 240. 3oo. to:>~N 25MN 
STOCK 55.0_46._039.8 35.5_32.5 28.9 26.825.5 24.5 23.6 

-REACT ION 

~EL!_~-~~------------------· -----·. --------------------· -·-· ···------ ---· 
0 . • 52 .o 43.5 38.0 34.5 32.0 29.2 27.0 2t..o 25. c 25.0 24.5 24.0 
15---~-71 ~\) 64.5 61l.O 57.J 54.8 Sl.fi 51.0 50.'5 '50.1 49.8 48.8 4 7. 7 
.30 76.5 73.5 69. $ 67.0 65.0 62.8 61.4 60.7 60.2 59.') 5i3 .6 sa.s ---e.o·- - --- 78 .• o 73.:; 70.5 68.0 (,6.5 64.5 tJ.o e:2.5 61.7 61. ~ t:0.7 59.7 
90 82.0 77.8 74.5 72.1 10.b 68.'5 -66.9 1)6 .5 66.0 65.6 6e.o 65.6 --------f2o 82~ 5 78.0 75. 1 73.0 11.5 61.'5 67.8 67.8 67.4 67.2 67.5 

271) 81.5 76 .s 74.0 72.0 70.7 ~9.5 68.e t8.o 1;7. 9 67. 7 6 7. 1 
--24-HRS 86.5 83.0 fiO.S 76.9 17.8 76.4 74.8 74.7 74.5 74.6 73.9 

. ·UNBUFFE-RED RATE ~UN 6 ----------------- ------ --- .. ·- ... ___ . ·----
STCCK SOLUTION- METASIL.,G. HCL,ML.lN. W4Ti:R,ML. 
(RESIN SLUR~YI- 1.900 2 200 

·--SAMPLE-~ STOCK, '4L~ HCLoHL .~N. NAOH,ML .,N. NAOAC,ML. ,N. WAfER o-'-1L. 
lCO 50 O.OZ 67 

TRANSMtTT ANCE READINGS (1 ML .ISO Mt. REAGENT J ------- ---··· 

COLOR DEVELOPMENT TIME (SEC I ---------30 45 60 75 90 120. 150. 180. 24J. 30C. lC"'N PH 
STOCK 55.5 45.5 39.5 35.3 32.0 28.5 26.2 24.9 23.8 23.1 23.5 

-REACT ION --- - - .,. -· 

TIME • MIN. 
··o·--49~0 40.5 35. 5 3.2.3 Jo.·o 27.9 26.2 25.7 25.5 25.'5 25.3 6.65 
15 59.0 so.s 44.8 40.5 :37.5 33.4 30.8 2<>.6 28.5 21. 1 2 7. 5 1';.65 

---3o··- - 62.5 _53. 5 48.0 43.8 40.6 36.7 34.6 34.5 33.3 32.8 32.1 
60 67.0 59.0 53. 5 50.3 47.8 44.5 41.5 40.5 Jq.s 39.5 3d.~ 6.70 

---~o- --- f> 7 .5 6!1 .o 'j5.4 '52.0 49.8 46.b 44.e 43.6 42. ') 42. fl 42. ~ 
120 70.0 63.0 sa. 2 55.0 52.b 50.2 48.7 48 .o 47.5 47.1 46.8 e.es --uo-- -- 12.5 66.0 61. 5 58.5 56.~ 54.5 s.z.s 51.5 51.3 "1.3 so.c; 
210 7'5.0 69., 65.0 62.8 61>.8 sa. 1 57.0 5e. e 56. 4 5t.C t. 78 

--270-- -· - 67.0 65.0 63.5 61.5 60.8 60 .o '59 .5 59. s sq.o 6.>n 
360 13.0 1;9.? 67.9 65.0 64.0 t3.5 t3. 5 t-2.9 ~2.4 b.95 

~l~s-HRs··e5~-:J 81.0 78.5 76 .a 75~1 13.5 72.8 72.4 12.2 72.0 72.5 1. 18 

----------- -·-· ----- - ·- ----·- .. . -- .... --- ---- .. -- --- .. -

PH 

7.55 

7.40 
7 ... s 
1. 42 

7. 5'5 



0 <J 1, 0 t,;j 4 u . 
0 

~,,~ 

2 1 ~-_) ::» ~) 

UNBUFFERED RATE PUN 7 

___________ STOCK SOLUTION- METASIL.,~. HCL,Ht.lN. WATER,ML. 
IRE Sl N SLURRY l 1.898 2 200 

·-- 1 .. 
SAMPLE ~ STOCK,ML. HCL,ML.,N. IIIAOH,ML • 1 N. NIIOAC,ML.,N. 

----···--- ···-···-- .. l 00 71 0.01 

---------·--' PANSM tTl ANCE READINGS I 1 ML./'30 HL. RFAGENTl 

COLOR DEVELOPI"ENT TIME I SFC) -- ------ -··. 
30 45 60 75 90 120. 150. 190. 240. :!Qtj. 

STOCK 53.0 44.3 38.0 34.0 31.2 27.6 25.9 24 .s 24.0 23.7 
---REACT ION 
_li.~.E. Ml N. 

0 54.5 45.5 39.5 3!1.3 32.3 28.8 26.9 25.9 25.0 24.7 
30. 56.5 47.5 41.8 38.0 35.0 31.4 29. ~ 2a. s 26. 5 25.9 
60 56.0 47 .o 41.5 37.4 34.5 30.8 28.5 27.5 26. 5 2t:. 2 

120 56.0 47.0 41.2 37.4 34.9 31.5 29.2 28.2 27.3 27.1 
-----240 60.0 52.2 46.6 43.0 40.0 36.8 34. 7 33.0 31. d 31.3 

6l0 70.5 64.0 59.5 56.5 54.3 51.5 49.6 48.a 48.1 40.2 
--i.9.HRS eo.s 75.5 72.0 69.5 67.4 65.0 63.5 62.9 61.9 61.13 
___ 29_HRS - 82 .o 77.5 75.5 73.5 11 •. 8 10.0 70.5 70.5 70.5 67.9 

----·--·· ·----.... -~. ·- ----·. 
---:UN BUFFER EO RATE RUN 8 

·---:- stoc·K SOLUTION - ME TASI L• ,G. HCL,t'l.lN. kATER,Ml. 
_____ tRESIN SLURRY) 1.900 2 200 

.•... ~AM~LE - STOCK,ML • HCL,ML.,N. NAOH,ML.,N. NAOAC,foll. ,N. ·-· 
101) 57 0.02 

----------TRANSH JTTANCE READINGS ( 1 ML./50 "'l· REAGEI'iTJ 

--- -----------·--.COLOR DEVELOPI"'ENT TIME lS EC) 
30 45 60 75 90 120. 150. li.IC. 240. 300. 

---sfocic. --·-·-
54~5 .44.a 38.5 34.0 31.2 28 .o 24.9 24 .o 2z.c; 22.4 

REACTION 
T I HE~· 111N~ --. ·--------

0 46.5 38.0 33.0 29.9 27.9 25.6 24.5 23.2 22.8 22.5 ---l.·s·-- -- 55.5 46.0 39.5 35.0 32.9 28.0 24.6 23.5 22.9 22 .il 
90 4).5 37.3 33.3 30.5 27.0 24. q 2tt.2 23.5 23. q 

--i&o 53.0 44.0 38.0 34.() 31.5 27.5 25.5 24.5 23.8 23.4 
360 52.0 43.5 37. 5 33. 8 31. 5 28.3 26.2 25.2 24.? 23.1, 

--630 4'7 .s 40.5 JS.O 31.0 28.5 25. 5 24.5 23.6 22.8 22.5 
__ 25.5 HPS 55.0 46.0 39.5 35.5 32.3 2a.a 2.6.6 25.4 24.3 23.5 

50 HRS 57.0 43.0 42.0 3 7. 8 34.b 30. q 20.1 n.a 25.5 25.5 
98 HRS 57 .'5 49.0 43.0 38.a 3=--.o 33.5 :H.2 .zc-:.6 .2 a. o Z7. 5 

---ns.s HRS 57.5 49.5 43.0 39.0 35.7 31 .2 29.3 ~7 .a 26.J 2c.5 
lb8 HRS 61.0 52.0 46.2 41.9 38. 6 34.7 33.5 32.1' 30.6 30.4 

--290 HR:i . 60.5 54.U 50.5 47.5 43.5 41.2 40.1) 38. 4 ~a. c 
-------·· ... ------- - --- - -- .. ··------------- -·- ----
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hATE P 1 M L. 
50 

lCP'N PH 
23.7 

24.t: s.t:o 
2 ::>.4 <;.70 
2 ~- 5 5. 75 
26.7 5.75 
30.0 ~.<15 

47.Y 6. 25 
b 1.8 6. 3'7 

b.Z5. 

W.,TER,ML. 
50 

10i"'N PH 
22.2 

22.5 4.05 
22.6 4.05 
2 3. 5 4.10 
23.0 4. 1C 
23.7 4.15 
22.3 4. 10 
23.2 4. lC 
2 1•. 3 4.10 
2t..;:. 4. 15 
25.7 
29.7 
Je. c 



UNRU FFERED RATE RUN q -----·-·------------- -----·-. ------------

STOCK SOLUTION- METASIL.,~. HCL,~L.lN. ~ATER,~L. 
IRESIN SLURRY) . 1.900 2 200 

--SAMPLE .:·STOCK, Ml •.. HCL~HL .,N •. N&.OH,ML. ~N~ NAOAC,ML.,N. 
75 44.2 o.oz 

T~~~SMJ!!~NCf READlN~S !1.5 ML./50 ML._OEAGENTI 
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t.A TF.R oML. 
100 

COLOR OEVELOP~FNT TIMF. !~F.CI 
-----------3o··--·--45. 60 75 90 120.-15o. 180. 240. 3oo. tCP'N PH 

STOCK 54.0 4 1to0 36.5 3Z.5 29.~ 26~0 24.5 22.0 22.2 22.0 
-REACT 10~~ 

Tl MEt Hl N. 
----0 ·-- --- -53~-0-43: 0 37~ 0 33.0 30.0 

15 63.0 54.~ 48.~ 45.0 42.3 
---30 ____ 68.5-61.J 56.0 :,;z.5 so.J 

~5 73.5 66.2 61.5 58.1 56.0 

26.3 
33.8 
47.1 
56.7 

---60 ___ --- 1s.o· 67.5 62.5 5&.9 5o.9 54.4 
90 11.0 70.8 66.5 63.5 61.~ 59.3 -rzo- ___ 111~ s · n. 8 68. 5 65. 5 63.5 6o. 5 

150 72.3 68.8 65.6 63.S 61.5 
--180 ------78.0 72.5 68.7 66.1) 64.5 62.4 

20 HRS 81.5 75.7 71.9 69.2 67.3 65.3 
---~4-tiRs -- ao.2 75.5 12.0 69.4 67.li 65.5 

24.5 24.0 23.6 23.4 22.4 8.~5 
37.3 3~.5 35.6 3~.5 35.0 

45.5 45.5 44.~ 44•5 8.65 
52.3 51.8 52.0 52.~ 51.5 
53.5 sz.o s~.3 52.3 s1.a a.oij 
58.5 56.2 St.C s~.~ 5~.5 

59.7 58.5 58.4 5£.0 57.2 3.73 
60.0 0:9.0 58.5 58.5_ :-~.1 
61.5 !>'J.o ~9.0 5'i.5 59.2 8.t.o 
63.8 63.5 6~.9 62.8 b3.0 7.90 
64.8 65.5 t.5.o 6~.c 64.2 e.oc 

------------ _______ UNBUFFERED RATE RUN 10 

STOCK SOLUTION - HETASIL. ,G. HCL,,.,L. H .• IIATER ,,..L. 
------ ·-(RESIN SlURRY) 1.901 2 200 

--SA"itPl.e·..:..--STOCK,ML. -·HCL,HL .. N. NAciH,~L.,i'\1. NAOAC,,.,l. ,r... · WAT!:R,Ml. 
75 40.8 0.02 100 

TRANS~ITTANCE REAOlNGS 11.5 ~l./~C ~L. REAGE~Tl 

COLOR DEVELOP~ENT Tl,..= !SECI 
·- --- 30 ___ ·45·· 60 75 90 120. 150. 18C. 240. 30~. 1C"'N Pf-1 

STOCK 54.0 44.5 38.2 34.0 31.0 27.4 25.'5 24.5 23.4 22.1 22.1 
-.-IlEAC TIO~I(- - - -- ---

lUtE, HlN. 
---- o·- s2.o 42~5 3'5.8'31.5 28.2 24.7 22.q 

15 50.0 41.0 35.0 31.0 28.l 24.7 23.4 
---~0--~-- 51.0 '2.5 37.0 33.0 3J.O Zb.b 25.0 

60 54.0 45.5 39.5 35.2 32.0 28.9 27.2 
---95 ___ -· 53.0 4~.8 Je. a 35.o 32.3 zq.s 2R.5 

120 54.0 4o.o 40.2 36.5 J3.s 3o.q zq.z 
----lao·-·· 57.o 43.8 43.6 4o.o 37.o 31.5 

ZltO 59.0 St.O 4().0 43.0 40.8. 37.8 J£..5 
--3os-·-·--~~~o o:;r;.o 48.5 45.5 43.o 4l.z 

121 HRS 82.0 77.5 74.5 72.3 70.b 69.0 68.o -----·· -

22.7 22.0 
22.3 21.7 
24. l 23. 2 
25 .6 25.2 
26.4 25.6 
2!!.3 2a.c 
3o .s zq. 1 
34.5 34.0 
38.5 38. 5 
57.8 

21.6 Zl.b 6.80 
21.':> 2L.l 
2J.O 23.3 f-.90 
24.8 24.7 6.GC 
25.8 25.5 
27.') 2'>.8 (·.90 
30.0 JJ.C t.J.':C 
33.0 33.7 6.50 
37.1 37.5 
b7.S 7.~5 



() 0 
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------------ .. -- ..... ·--. ·---- -· -· 
UNISUFFEREO RATE RUN 11 -·----------------· .. 

-------- --~-
STCCII' SrJLUT tCN - 1'-!ET 4S IL., G .• .. Cl, ML .IN. WATER,ML • 
(RESIN SLURI:tYJ 1.901 2 200 

---. --------- - . -
SAMPLE - STCCK,"L. H":l,ML.,t.. N.\OH, ML ., N. NAOAC,ML.,N. W.\ TER ,~· L. 

50 26 0.02 125 ------- ..... ··----·· -
---------- __ TRANSMITTANCE READI.NGS (1 ML./50 ML. QEAGENT I 

COLOR OEVELOP"1EN T TIME (SEC J ---- ··--- ---------
30 ItS 60 75 90 120. 150. 18 0. 240. 30:). IOMN PH 

STOCK 51.5 u. 3 36.0 31.8 29.2 25.9 24.3 23.0 22. 5 22.3 
REACJIO~ 

__ .T_I~, r11 N. 
0 53.0 45.6 38.8 34.5 32.3 29.0 27.7 25.4 24. 5 24.4 24.4 8.04 

·---'~- .. 50.0 41.0 36.0 32 .3 30 .o 27.3 25.5 24.3 23.5 23. 5 2;.t: 
30 5C. 5 '•l· 8 36.0 32.5 30.2 27.5 2£,.o 24.9 24.6 24.7 2'•. 7 7.<;8 
60 '50.0 41.0 35.~ 32.0 29.7 2~.8 25. '5 2':.5 24. c; 24.8 24.7 e. oo; 

·---l30 .. --- 49.5 41.0 36.5 33.5 31.3 28.8 27. ~ 26.7 2t:.5 26.5 u.z e.cs 
__ JSO 53.(1 45.2 40. 5 ,37 .2 J5. 0 ;l2.7 31.'? )f) .3 29.0 29 .e 30.5 8.05 

270 '57.5 50.0 45.5 42.~ 40.2 37.8 36.9 35.6 3 5. '5 3"-.':> 3 5. 0 8.05. 
360 ____ 61.0 53.2 48.6 45.8 43 .b 41.3 4J.2 3G .4 39.5 3<7.5 )<;.5 7.'10 
~ItO 64.C 56. 7 52.0 49.4 47.4 45.3 44.5 43.4 42.9 43.4 42.9 7.(')5 
720 66.5 '58.7 '54.5 51.4 49.9 '• 7. '5 46. 5 45.0 44.5 44.2 44.5 7.30 
23 H~S 72.0 65.5 61.2 57.9 55.<; 53.5 51.8 51 .3 50.8 50.1 7.CO 

__ 3._9 H~_s .. _. 12.0 65. 5 _ 61.5 56.8 57.1 54.9 53.9 52.8 52.4 52.3 
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APPENDIX 2 
GRAPHS FOR UNBUFFERED RATE RUNS 
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APPENDIX 3 
COLOR-DEVELOPMENT RATE EQUATIONS 
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Part I. Rate of Color Development: Analysis for Monomer 

Assume the following reactions occur in the molybdate 

analysis 

Define: 

First 
Polymer ----71- Monomer---__...;.--;.. Col or Comp 1 ex 

M1 { t) = 

M.l 0 = 

M*(t) = 

MT = 

k* = 

Order 

Monomer concentration 

Initial monomer content of sampl~ 

Concentration of molybdate complex 

Total detectable silica concentration 

First order rate coefficient for the 

apparent irreversible reaction 

kapp = Apparent first order rate coefficient 

from experimental data 

Assumed color development reaction: dM* crt= k*[Ml] { 1 ) 

Actual color development data yields straight line on semilog 

plot {Figure 4.1) 

Thus, 
a Mr-M* 

IT ln MT = 

c slope of experimental plot 

Differentiating, M* 
- ---t = -k {Mr-M*) app .. 

Equating Eqns. 1 and 3, 

_ aM* = 
at = 

at t = o. M* = o and. M1 = M10 

(2) 

(3) 



170 

Therefore, kappMT - k*M - 10 

Mlo = kaEE M ( 4) 
k* T 

Part II. Simple Case: Detailed Calculation 

Assume (a) Initial solution contains only Monomer, M1 , and 

and Dimer, M2. 

(b) Dimer depolymerizes to monomer by first-order 

irreversible reaction whose rate coefficient = kd 

kd k* 
M2 _____,. 2M

1 
---+ M* 

Rate equations: 

( 5) 

( 6) . 

dM* = k*M crt 1 
( 7) 

Initial condition: Mlo + 2M20 = Mr {8) 

Solution to Eqn. 5: M2 
-kdt 

= M2oe (9) 

Solution to Eqn. 6: 

M M -k*t 
1 = lOe [ 

- kd t -·k*t] 
e - e 

-. 
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Solution to Eqn. 7: 

M* = 1 "1o -k*t 
MT - AT e 

2k*k M20 -k*t -kdt 
+ -:1 e e ( 11) 

k*-k MT kd 
d k* 

• 1 - e 
-kappt (12) 

In order for Equations 11 and 12 to both be satisfied, 

k must equal kapp· The fact that kd is not a constant for 

the color development curves shown in Figure 4.1 indica~es 

that the corresponding samples did contain higher-molecular

weigh~ silicic acids above dimer. Lower values of kapp 

were obtained for more concentrated solutions indicating 

that these solutions contained higher percentages of M -
0 

detectable polymers • 

( 
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APPENDIX 4 

PROPOSED EXPERIMENT ON HEAT-EXCHANGER FOULING 

The following is an abbreviated description of an experiment 

designed to simulate the operation of a brine-isobutane heat exchanger, 

yielding pertinent information on the potential problem of heat

transfer reduction due.to silica scaling. 

A synthetic brine from a constant-temperature reservoir, satur

ated with monomeric silica~ is pumped through a heat exchanger in which 

the temperature is reduced continuously over a long section of pipe. 

During the course of passage through the heat exchanger, the degree of 

supersat~ration will continually increase, and therefore the driving 

force for precipitation will continually increase. Brine samples should 

be taken at intermediate stages along the heat exchanger path to deter

mine the degree of polymerization for silica in solution. The brine 

flow rate in the h~at exchanger should be appropriately controlled 

along with the cooling duty load, to permit varying brine residence 

times at a particular degree of supersaturation. The pH of th~ high-

temperature monomer reservoir can also be varied. 

Removable sections of heat exchanger will permit periodic examin

ation for solid scale deposition as a function of supersaturation. 

Such removable sections can be made of uncorroded or corroded metals to ·• 

determine what effect this has on the rate of deposition. With such a 

system, a considerable amount of practical data can be obtained. With 

slight modification~ this apparatus can be used to test deposition 

behavior under partially flashing conditions, typical of wells and 

phase separators. 

.. 
'· 
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.---------LEGAL 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 Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
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. 
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