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COOLING WATER CORROSION INHIBITION
METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a continuation-in-part of
U.S. patent application Ser. No. 11/018,170 which is a
division of U.S. patent application Ser. No. 10/754,797 filed
on Jan. 9, 2004, now U.S. Pat. No. 6,929,749, entitled
Cooling Water Scale and Corrosion Inhibition, the teachings
of each being expressly incorporated herein by reference.

STATEMENT RE: FEDERALLY SPONSORED
RESEARCH/DEVELOPMENT

[0002] Not Applicable

BACKGROUND OF THE INVENTION

[0003] Silica has been one of the major scale and fouling
problems in many processes using water. Silica is difficult to
deal with because it can assume many low solubility chemi-
cal forms depending on the water chemistry and metal
surface temperature conditions. Below about pH 9.0, mono-
meric silica has limited solubility (125-180 mg/L as SiO,)
and tends to polymerize as these concentrations are
exceeded to form insoluble (amorphous) oligomeric or col-
loidal silica. At higher pH, particularly above about pH 9.0,
silica is soluble at increased concentrations in the mono-
meric, oligomeric (or silicate) and colloidal forms of silica.
Since conversion can be slow, all of these forms may exist
at any one time. The silicate ion can react with polyvalent
cations like magnesium and calcium commonly present in
process waters to produce salts with very limited solubility.
Thus it is common for a mixture of many forms to be
present: monomeric, oligomeric and colloidal silica; mag-
nesium silicate, calcium silicate and other silicate salts.

[0004] To address such problem, methods for controlling
deposition and fouling of silica or silicate salts on surfaces
in a aqueous process have been derived and include: 1)
inhibiting precipitation of the material from the process
water; 2) maintaining an aqueous chemical environment that
supports formation and stability of increased residuals of
soluble silica species; and 3) producing a non-adherent form
of'silica precipitants in the bulk water. The exact mechanism
by which specific scale inhibition methods of the present
inventions function involves a number of complex variables
and is not well understood. Limitations with silica deposi-
tion prevented exploration of silica chemistry, particularly at
higher concentrations, as a potential corrosion inhibitor. The
recent teachings of methods to control silica deposition by
Duke et al. in U.S. Pat. Nos. 6,929,749, 6,949,193; and
6,998,092 have permitted current discovery of silica chem-
istry for corrosion inhibition. The teachings of all such
patents are expressly incorporated herein by reference.

[0005] In industrial application, most scale and corrosion
control methods used in aqueous systems typically rely on
the addition of a scale and corrosion inhibitor in combina-
tion with controlled blowdown wastage of system water to
prevent scale and corrosion problems. In this regard, the
major scale formation potentials are prevalently contributed
by the quantity of hardness (calcium and magnesium) and
silica ions contributed by the source water, while the major
corrosive potential results from the ionic or electrolytic
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strength that is concentrated from the source water by
evaporation, or by chemicals (such as acid) added to the
system water to control hardness deposition.

[0006] Treatment methods to minimize corrosion have
further generally relied on the addition of chemical additives
that inhibit corrosion through suppression of corrosive reac-
tions occurring at either the anode or the cathode present on
the metal surface, or combinations of chemical additives that
inhibit reactions at both the anode and cathode. The most
commonly applied anodic inhibitors include chromate,
molybdate, orthophosphate, nitrite and silicate; whereas the
most commonly applied cathodic inhibitors include poly-
phosphate, zinc, organic phosphates and calcium carbonate.

[0007] Inview oftoxicity and environmental concerns, the
use of highly effective heavy metal corrosion inhibitors,
such as chromate, have been strictly prohibited and most
methods now rely on a balance of the scale formation and
corrosive tendencies of the system water and are referred to
in the art as alkaline treatment approaches. This balance, as
applied in such treatment approaches, is defined by control
of system water chemistry with indices such as LSI or
Ryznar, and is used in conjunction with combinations of
scale and corrosion inhibitor additives to inhibit scale for-
mation and optimize corrosion protection at maximum con-
centration of dissolved solids in the source water. These
methods, however, are still limited by the maximum con-
centration of silica and potential for silicate scale formation.
Moreover, corrosion rates are also significantly higher than
those available with use of heavy metals such as chromate.
Along these lines, since the use of chromate and other toxic
heavy metals has been restricted, as discussed above, cor-
rosion protection has generally been limited to optimum
ranges of 2 to 5 mils per year (mpy) for carbon steel when
treating typical source water qualities with current corrosion
control methods. Source waters that are high in dissolved
solids or are naturally soft are even more difficult to treat,
and typically have even higher corrosion rates.

[0008] In an alternative approach, a significant number of
methods for controlling scale rely on addition of acid to
treated systems to control pH and reduce scaling potentials
at higher concentrations of source water chemistry. Such
method allows for conservation of water through modifica-
tion of the concentrated source water, while maintaining
balance of the scale formation and corrosive tendencies of
the water. Despite such advantages, these methods have the
drawback of being prone to greater risk of scale and/or
corrosion consequences with excursions with the acid/pH
control system. Moreover, there is an overall increase in
corrosion potential due to the higher ionic or electrolytic
strength of the water that results from addition of acid ions
that are concentrated along with ions in the source water.
Lower pH corrosion control methods further rely on signifi-
cantly higher chemical additive residuals to offset corrosive
tendencies, but are limited in effectiveness without the use
ot heavy metals. Silica concentration must still be controlled
at maximum residuals by system water wastage to avoid
potential silica scaling.

[0009] 1In a further approach, source water is pretreated to
remove hardness ions in a small proportion of systems to
control calcium and magnesium scale potentials. These
applications, due to unreliable pretreatment, have still relied
on control of silica residuals at previous maximum guideline
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levels through blowdown water wastage to prevent silica
scale deposits. Corrosion protection is also less effective
with softened water due to elimination of the balance of
scale and corrosion tendency provided by the natural hard-
ness in the source water.

[0010] Accordingly, there is a substantial need in the art
for methods that are efficiently operative to inhibit corrosion
and scale formation that do not rely upon the use of heavy
metals, extensive acidification and/or water wastage that are
known and practiced in the prior art. There is additionally a
need in the art for such processes that, in addition to being
efficient, are extremely cost-effective and environmentally
safe. Exemplary of those processes that would likely benefit
from such methods would include evaporative cooling water
systems where water is in contact with heat transfer surfaces,
such as cooling tower systems, evaporative coolers, cooling
lakes or ponds, and indirect cooling of enclosed or second-
ary cooling and heating loops. In each of these processes,
heat is transferred to or from the water by heat transfer
surfaces. In evaporative cooling water processes, heat is
added to the water and evaporation of some of the water
takes place. As the water is evaporated, the silica (or
silicates) will concentrate and if the silica concentration
exceeds its solubility, it can deposit to form either a vitreous
coating or an adherent scale that can normally be removed
only by laborious mechanical or chemical cleaning. Along
these lines, at some point in the above processes, heat is
extracted from the water, making any dissolved silica less
soluble and thus further likely to deposit on surfaces, thus
requiring removal. Accordingly, the teachings of Duke et al.
on methods for preventing fouling of surfaces with silica or
silicates, that further enables the use of higher levels of
silica/silicates, has provided opportunity for discovery and
improvement of corrosion inhibition methods with the use of
silica concentrated from natural source waters. In this
respect for cooling water, an inhibition method has long
been sought after that would enable silica to be used as a
non-toxic and environmentally friendly corrosion inhibitor.

[0011] To address these specific concerns, the current
practice in these particular processes is to limit the silica or
silicate concentration in the water so that deposition from
these compounds does not occur. For example in cooling
water, the accepted practice is to limit the amount of silica
or silicates to about 150 mg/L., expressed as SiO,. Report-
edly, the best technology currently available for control of
silica or silicates in cooling water is use of various low
molecular weight polymers, or various organic phosphate
chemistries, and combinations thereof. Even with use of
these chemical additives, however, silica is still limited to
180 mg/L. in most system applications. Because in many arid
areas of the U.S. and other parts of the world make-up water
may contain from 50-90 mg/L silica, cooling water can only
be concentrated to 2 to 3 times such levels before the risk of
silica or silicate deposition becomes too great. A method that
would enable significant water conservation of normal
source waters, re-use of wastewater, and use of high silica
content source waters for evaporative cooling water systems
would be a great benefit.

SUMMARY OF THE INVENTION

[0012] The present invention specifically addresses and
alleviates the above-identified deficiencies in the art, while
improving upon the teachings of Duke et al. in related U.S.
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patents (U.S. Pat. Nos. 6,929,749; 6,940,193; and 6,998,
092). In this regard, the invention relates to methods for
controlling silica and silicate fouling problems while con-
currently controlling the corrosion of system metallurgy
(i.e., metal substrates) in aqueous systems with high con-
centrations of dissolved solids (high ionic strength). The
corrosion potential of various source waters is generally a
function of the concentration of corrosive ions (such as
chloride and sulfate) and electrolytic (ionic) strength that are
concentrated in aqueous evaporative systems that cool heat
transfer surfaces. Accordingly, lower corrosive ion content
in some source waters will reduce corrosion potential, and
the level of protection needed from a corrosion inhibiting
mechanism. The methods discovered can be applied propor-
tionately to provide protection for such lower corrosion
potentials, but more specifically, can provide significantly
greater protection for aqueous system metals that encounter
very high concentrations of corrosive ions and electrolytic
strength. It is anticipated that this discovery will permit
application at much greater concentrations of corrosive ions
(ionic strength) without consequence of corrosion of aque-
ous system metals, while providing significant water con-
servation that will benefit both the applicant and environ-
mental conservation. Prior art has not enabled undertaking
such water conservation, due to ineffective corrosion pro-
tection and lack of a cost effective process.

[0013] More particularly, the invention is directed to the
removal of polyvalent metal (PVM) ions from the source
water, controlling specified method chemistry residuals in
the aqueous evaporative system to prevent deposition of
PVM silicate or silica scales on system surfaces, and pre-
venting PVM interference with corrosion inhibiting mecha-
nisms used by the methods that inhibit corrosion of system
metallurgy. To that end, we have unexpectedly discovered
that the difficult silica and silicate scaling problems that
occur in aqueous systems when silica residuals exceed
solubility, and more preferably are approaching or greater
than the solubility of amorphous silica, following concen-
tration of total available silica species contained in source
water, can be controlled by initially removing PVM ions
(prevalently, calcium and magnesium) from the makeup
source water (i.e., water fed to the aqueous system) using
pretreatment methods known in the art, such as through the
use of ion exchange resins, selective ion removal with
reverse 0smosis, reverse osmosis, electrochemical removal,
chemical precipitation, or evaporation/distillation. Prefer-
ably, the pretreatment methods of the present invention will
maintain the total PVM in the makeup water at less than
10% of the makeup total available silica residual (mg/L.
Si0,), as determined from an initial assessment of the source
water. In some embodiments, the total PVM ions will be
maintained at less than 2% of the makeup silica residual.

[0014] We have unexpectedly discovered that the exces-
sive corrosion of mild steel, copper, stainless steel, alumi-
num, zinc, galvanized steel and various alloys of such metals
that contact water in aqueous systems, that results from high
concentrations of corrosive ions or electrolytic potential
(ionic strength) contributed by concentration of dissolved
solids in source water in aqueous evaporative cooling sys-
tems, can likewise be controlled by the methods of the
present invention. Evaporative cooling systems that would
likely benefit from such methods would include, but are not
limited to, evaporative cooling water systems where water is
in contact with heat transfer surfaces, such as cooling tower
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systems, evaporative coolers, cooling lakes or ponds, and
indirect cooling of enclosed or secondary cooling and heat-
ing loops. In such context, the methods of the present
invention comprises removing polyvalent metal (PVM) ions
(prevalently, calcium and magnesium) from the makeup
source water using known pretreatment methods of the
present inventions, such as ion exchange resins, selective ion
removal with reverse osmosis, reverse osmosis, electro-
chemical removal, chemical precipitation, or evaporation/
distillation. The pretreatment methods of the present inven-
tion will preferably maintain the total PVM ratio in the
makeup water at less than 10%, and preferably at least less
than 2%, of the makeup silica residual (mg/L. SiO,), as
determined from an initial analysis of the source water.
When source makeup water PVM content is naturally very
low, pretreatment removal of PVM ions may be bypassed in
some systems.

[0015] Alkalinity (hydroxyl ion concentration) is then
controlled (as quantified by relation to pH) at 7.0 pH or
higher, with a pH of 8.0 or higher being more highly
preferred in some applications along with control of soluble
silica at residual concentrations approaching or exceeding
solubility, but not less than 10 mg/L, with control at more
highly desired residuals in some applications exceeding 300
mg/L as SiO,. With respect to the latter, the SiO, in the
source water may be supplemented initially to attain desired
residual concentrations by the addition of a silica monomer
or soluble silicate. However, optimum residual concentra-
tions may be attained by simply removing a portion of the
aqueous system water through such well known techniques
or processes as evaporation and/or distillation.

[0016] Further, the monovalent metal (MVM) ion concen-
tration is controlled so as to have at minimum a concentra-
tion that exceeds the soluble silica concentration, but pref-
erably is in the concentration range of 0.1 N to 0.2 N for total
MVM ions. Such control may be provided by concentration
of specifically pre-treated makeup source water or a supple-
mental feed of MVM salts or MVM alkalinity chemicals
directly to the aqueous system. A further preferred embodi-
ment in some applications would be to control the MVM ion
concentration such that it is equal to or greater than 0.3 N,
to enable corrosion protection at reduced soluble silica
concentrations.

[0017] Further, we have discovered that in combination
with the application of these steps in pre-treatment and
aqueous system chemistry control, when applied in evapo-
rative aqueous systems with higher bulk water temperature
than source water makeup temperatures, and also in aqueous
contact with higher temperature heat transfer surfaces, fur-
ther enhancement of corrosion protection is provided with
the method process for corrosion inhibition of metal sub-
strates contacted by the aqueous system. This combination
of steps enables the transformation of natural monomeric
and colloidal silica contained in source water to establish
and control stable residuals of corrosion inhibiting silica
forms and particle sizes required to provide exceptional
corrosion protection of metals.

DETAILED DESCRIPTION OF THE
INVENTION

[0018] The detailed description set forth below is intended
as a description of the presently preferred embodiment of the
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invention, and is not intended to represent the only form in
which the present invention may be constructed or utilized.
The description sets forth the functions and sequences of
steps for constructing and operating the invention. It is to be
understood, however, that the same or equivalent functions
and sequences may be accomplished by different embodi-
ments and that they are also intended to be encompassed
within the scope of the invention.

[0019] Inrelation to discussions of silica chemistry of this
method invention, and variations in terminology by refer-
ences cited, the following terms will generally apply.
Soluble silica (or monosilicic acid), expressed as Si(OH),,
generally refers to soluble monomeric silica in water as
monosilicic acid, and is characterized by reaction with
molybdic acid to form yellow silicomolybdic acid. Oligo-
mers (or polysilicic acid) are the various polymers with
molecular weights (as SiO,) up to 100,000 consisting of
hydrated “active” silica or dense spherical particles. Colloi-
dal silica refers to more highly polymerized species and
particles that generally exceed 100,000 molecular weight.
Silica sols (or sol-gels) may refer broadly to either polysi-
licic acid or colloidal silica. Silicate generally refers to silica
particles that combine or stabilize as charged particles with
metal ions or adsorb on their salts.

[0020] The following summation of silica polymerization
and particle growth chemistry, and application in commer-
cial sol-gel processes for synthesizing various colloidal sol
species, was extracted from the publication by Mauritz. His
discussion relates the comparable mechanisms that occur
with use or evaporative concentration of MVM alkaline
bases (such as sodium carbonate or sodium hydroxide) that
function as base-catalysts in the aqueous system environ-
ment as disclosed in this current method discovery. Mauritz
also relates his discussion to R. K. Filer’s earlier descrip-
tions of silica chemistry which frequently present sodium
chemistry and it’s impact on kinetics of silica polymeriza-
tion, particle growth and sol formation. Thus, his summation
provides useful perspective to the complex mechanisms that
are controlled by the current methods of this invention.

[0021] Sol Gel Chemistry—K. A. Mauritz

[0022] The sol-gel process, as the name implies, involves
the evolution of inorganic networks through the formation of
a colloidal suspension (sol) and gelation of the sol to form
a network in a continuous liquid phase (gel). The precursors
for synthesizing these colloids consist of a metal or metal-
loid element surrounded by various reactive ligands. Metal
alkoxides are most popular because they react readily with
water.

[0023] At the functional group level, three reactions are
generally used to describe the sol-gel process: hydrolysis,
alcohol condensation, and water condensation. The kinetic
impact of pH, nature and concentration of catalyst, H2O/Si
molar ratio (R) and temperature have been identified as most
important in these reactions. However, the characteristics
and properties of a particular sol-gel inorganic network are
related to additional factors that affect the rate of hydrolysis
and condensation reactions, such as, pH, temperature and
time of reaction, reagent concentrations, catalyst nature and
concentration, H20/Si molar ratio (R), aging temperature
and time.

[0024] In general, the hydrolysis reaction (Eq. 1), through
the addition of water, replaces alkoxides groups (OR) with
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hydroxyl groups (OH). Subsequent condensation reactions
(Egs. 2a and 2b) involving the silanol groups (Si—OH)
produce siloxane bonds (Si—O—Si) plus the by-products
water or alcohol. Under most conditions, condensation com-
mences before hydrolysis is complete. However, conditions
such as, pH, H20/Si molar ratio (R) and catalyst can force
completion of hydrolysis before condensation begins.

Hydrolysis
—Si—OR + HOH —Si—OH + ROH

_—
Reesterification

| 2a
— Ti —OH +
| Water |
Condensation
—Si—OH —— > —Si—0—Si + HOH
| Hydrolysis
| 2b
—_— T i—OH +
Alcohol |
Condensation
—Si—OR —Si—O0—Si + ROH

Alcoholysis

[0025] Hydrolysis/pH

[0026] Tler divides this polymerization process into three
pH domains: <pH 2, pH 2-7, and >pH 7. However, regard-
less of pH, hydrolysis occurs by the nucleophilic attack of
the oxygen contained in water on the silicon atom:

—Si—OR +

H-'80H —Si-80H + ROH

[0027] Nature and Concentration of Catalyst

[0028] Although hydrolysis can occur without addition of
an external catalyst, it is most rapid and complete when they
are employed. Additionally, it has been observed that the rate
and extent of the hydrolysis reaction is most influenced by
the strength and concentration of the acid or base catalyst.
Therefore, compared to acidic conditions, base hydrolysis
kinetics is more strongly affected by the nature of the
solvent.

[0029] Acid-Catalyzed Hydrolysis

[0030] Under acidic conditions, it is likely that an alkoxide
group is protonated in a rapid first step. Electron density is
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withdrawn from the silicon atom, making it more electro-
philic and thus more susceptible to attack from water.

[0031] Base-Catalyzed Hydrolysis

[0032] Base-catalyzed hydrolysis of silicon alkoxides pro-
ceeds much more slowly than acid-catalyzed hydrolysis at
an equivalent catalyst concentration. Basic alkoxide oxy-
gens tend to repel the nucleophile, —OH. However, once an
initial hydrolysis has occurred, further reactions proceed
stepwise, with each subsequent alkoxide group more easily
removed from the monomer then the previous one. There-
fore, more highly hydrolyzed silicones are more prone to
attack. Additionally, hydrolysis of the forming polymer is
more sterically hindered than the hydrolysis of a monomer.
Although hydrolysis in alkaline environments is slow, it still
tends to be complete and irreversible.

[0033] H20/Si Molar Ratio (R)

[0034] Thus, under basic conditions, it is likely that water
dissociates to produce hydroxyl anions in a rapid first step.
The hydroxyl anion then attacks the silicon atom.

[0035] Nonetheless, the most obvious effect of the
increased value of R is the acceleration of the hydrolysis
reaction. Additionally, higher values of R cause more com-
plete hydrolysis of monomers before significant condensa-
tion occurs. Differing extents of monomer hydrolysis should
affect the relative rates of the alcohol or water producing
condensation reactions. Generally, with under stoichiomet-
ric additions of water (R<2), the alcohol-producing conden-
sation mechanism is favored, whereas, the water-forming
condensation reaction is favored when R® 2.28.

[0036] Polymerization to form siloxane bonds occurs by
either an alcohol-producing or a water-producing conden-
sation reaction. It has been shown by Engelhardt et al. that
a typical sequence of condensation products is monomer,
dimer, linear trimer, cyclic trimer, cyclic tetramer, and
higher order rings. This sequence of condensation requires
both depolymerization (ring opening) and the availability of
monomers which are in solution equilibrium with the oli-
gomeric species and/or are generated by depolymerization
(reverse of Eqs. 2a and 2b).

[0037] The rate of these ring opening polymerizations and
monomer addition reactions is dependent upon the environ-
mental pH. In polymerizations below pH 2, the condensation
rates are proportional to the [H+] concentration. Because the
solubility of silica is quite low below pH 2, formation and
aggregation of primary silica particles occur together and
ripening (i.e., growth of a network) contributes little to
growth after particles exceed 2 nm in diameter. Thus,
developing gel networks are composed of exceedingly small
primary particles.

[0038] It is generally agreed that between pH 2 and pH 6,
condensation rates are proportional to [—OH] concentra-
tions. Condensation preferentially occurs between more
highly condensed species and those less highly condensed
and somewhat neutral. This suggests that the rate of dimer-
ization is low, however, once dimers form, they react pref-
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erentially with monomers to form trimers, which in turn
react with monomers to form tetrameters. Cyclization occurs
because of the proximity of the chain ends and the substan-
tial depletion of the monomer population. Further growth
occurs by addition of lower molecular weight species to
more highly condensed species and aggregation of the
condensed species to form chains and networks. The solu-
bility of silica in this pH range is again low and particle
growth stops when the particles reach 2-4 nm in diameter.

[0039] Above pH 7, polymerization will occur as in the pH
2 to pH 6 ranges. However, in this pH range, condensed
species are ionized and therefore, mutually repulsive.
Growth occurs primarily through the addition of monomers
to the more highly condensed particles rather then by
particle aggregation. Due to the greater solubility of silica
and the greater size dependence of solubility above pH 7,
particles grow in size and decrease in number as highly
soluble small particles dissolve and reprecipitate on larger,
less soluble particles. Growth stops when the difference in
solubility between the smallest and largest particles becomes
indistinguishable. This process is referred to as Ostwald
ripening. Particle size is therefore, mainly temperature
dependent, in that higher temperatures produce larger par-
ticles. Additionally, in this pH range, the growth rate
depends upon the particle size distribution.

[0040] Nature and Concentration of Catalyst

[0041] As with hydrolysis, condensation can proceed
without catalyst, however, their use in organosiloxanes is
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highly helpful. Furthermore, the same type catalysts are
employed: generally those compounds which exhibit acidic
or basic characteristics.

[0042]
acid and base specific. In addition, Iler has shown that under

It has been shown that condensation reactions are

more basic conditions, gel times are observed to increase.
Condensation reactions continue to proceed, however, gela-
tion does not occur. Again, catalysts which dictate a specific
pH can and do drive the type of silica particle produced as
seen in the previous discussion on pH.

[0043] Acid-Catalyzed Mechanism

[0044]
condensation mechanism involves a protonated silanol spe-

It is generally believed that the acid-catalyzed

cies. Protonation of the silanol makes the silicon more
electrophilic and thus susceptible to nucleophilic attack. The
most basic silanol species (silanols contained in monomers
or weakly branched oligomers) are the most likely to be
protonated. Therefore, condensation reactions may occur
preferentially between neutral species and protonated sil-
anols situated on monomers, end groups of chains, etc.

[0045] Base-Catalyzed Mechanism

[0046] The most widely accepted mechanism for the base-
catalyzed condensation reaction involves the attack of a
nucleophilic deprotonated silanol on a neutral silicic acid:
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[0047] Furthermore, it is generally believed that the base-
catalyzed condensation mechanism involves penta- or hexa-
coordinated silicon intermediates or transition states, similar
to that of a SN2 type mechanism.

[0048] Within the context of these stages, many factors
affect the resulting silica network, such as, pH, temperature
and time of reaction, reagent concentrations, catalyst nature
and concentration, H20/Si molar ratio (R), aging tempera-
ture and time.

[0049] Summary

[0050] According to Iler, Sol-gel polymerization occurs in
three stages: (1) Polymerization of monomers to form par-
ticles. (2) Growth of particles. (3) Linking of particles into
chains, then networks that extend throughout the liquid
medium, thickening into a gel.

[0051] Within the context of these stages, many factors
affect the resulting silica network, such as, pH, temperature
and time of reaction, reagent concentrations, catalyst nature
and concentration, H20/Si molar ratio (R), aging tempera-
ture and time. However, it can generally be said that sol-gel
derived silicon oxide networks, under acid-catalyzed con-
ditions, yield primarily linear or randomly branched poly-
mers which entangle and form additional branches resulting
in gelation. However, silicon oxide networks derived under
base-catalyzed conditions yield more highly branched clus-
ters which do not interpenetrate prior to gelation and thus
behave as discrete clusters.

[0052] The presence of polyvalent metal (PVM) cations
reduces the solubility of silica to very low levels, forming
metal silicates that can scale heat transfer surfaces and
interfere with potential corrosion protective mechanisms
formed by silica. According to the present invention, there is
disclosed methods for inhibiting silica and silicate scale in
aqueous systems and providing exceptional metal corrosion
protection that comprise the removal of the prevalent PVM
ions from the makeup source water prior to being fed into
the aqueous system and thereafter controlling the aqueous
system within specified water chemistry control ranges.
PVM ions (typically calcium and magnesium) are removed
from the makeup source water using pretreatment methods
known in the art, which include methods such as ion
exchange resins, selective ion removal with reverse osmosis,
reverse osmosis, electrochemical removal, chemical precipi-
tation, or evaporation/distillation. PVM ions such as those
from iron, manganese, copper, zinc, barium, and aluminum
are usually at low concentrations in treated municipal and
well source waters used for make up to cooling systems.
Such low level concentrations will not typically require
removal (although the soluble forms may be removed by
some calcium and magnesium removal processes). How-
ever, some water sources such as well, wastewater,
reclaimed or untreated surface waters may have higher
residuals of these metals as well as other objectionable
materials. Such waters may require pretreatment with alter-
native methods for reduction of these PVM ions in addition
to the pretreatment methods specified for removal of the
more prevalent high concentrations of calcium and magne-
sium ions.

[0053] As a result, control or minimization of PVM salt
insolubility in the aqueous system (for example, CaCO; at
less than 35 Mg/L at 25 degrees C.) will prohibit formation
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of the insoluble salts and precipitation on heat transfer
surfaces, and permit increased solubility of various silica
forms in contact with the elevated temperatures of heat
transfer surfaces. It should be noted that although PVM salts
decrease in solubility at a given concentration with increas-
ing temperature, their solubility increases in the presence of
higher concentrations (ionic strength) of the more soluble
MVM salts. The present methods thereby eliminate potential
reaction of insoluble silica forms with PVM salt deposits on
system surfaces and their nucleation sites that initiate silica
or silicate insoluble precipitation.

[0054] The pretreatment methods will preferably maintain
the total polyvalent metal (PVM) ion ratio in the makeup
water at less than 10% of the makeup total available silica
residual (mg/LL SiO,). In a more highly preferred embodi-
ment, the pretreatment methods will maintain the total PVM
ions present in the makeup water at less than 2% of the
makeup total available silica residual. With greater reduction
of PVM ions in source water, greater reduction in aqueous
system water wastage will be possible without exceeding
respective solubility and precipitation of concentrated PVM
salts (for example, less than 35 Mg/L for CaCO, at 25
degrees C.). As will be appreciated by those skilled in the art,
the total available silica residual can be readily determined
by utilizing known techniques, and will preferably be deter-
mined prior to the application of the methods of the present
invention.

[0055] In the absence of a coagulant (such as low solu-
bility PVM salts), silica is not precipitated from solution at
any pH, but forms an amorphous gel structure at sufficient
concentration. Although MVM salts are highly soluble, and
seldom precipitate as salts that could act as coagulants, they
do affect the rate of polymerization of monosilicic acid and
accelerate gelling of silica sols (or deposition on metal
surfaces) at a given solution. pH, alkalinity and temperature.
In neutral solutions, such as sea water, salt content will
catalyze the rate of dissolution of silica. Dissolution of
quartz increases proportionately in NaCl at 1073, 1072 and
10 N concentrations. As is frequently true of catalysts in
chemical reaction kinetics, the counter effect on solubility
and deposition of silica is also expected at equilibrium
solubility conditions. When approaching saturated concen-
trations of silica, increasing MVM ion residuals will accel-
erate the deposition process. Amorphous silica (including all
equilibrium species) deposition occurs on receptive surfaces
from dilute silica sols when conditions of pH and salt
concentration are close to those causing coagulation or
precipitation. The silica concentration preferably should not
be so high (over saturated or unstable) that particles adhere
(aggregate) to one another rather than to the metal surfaces.
Thus, MVM ion salt concentration contributes to the desired
surface deposition and corrosion inhibition process by lim-
iting silica particle concentration and aggregation (stability),
as well as catalytic impact on growth of silica monomer to
larger particles (amorphous species equilibrium).

[0056] We believe the control of MVM ion concentrations
in the aqueous system such that concentrations of the MVM
ions (prevalently, sodium or potassium) exceed the concen-
tration of SiO, ions in the aqueous water system is beneficial
to transformation of source water silica and control of
corrosion inhibiting residual species. The complicated
chemistry of silica and colloidal silica behavior is not well
understood, but studies of the related effects of MVM ionic



US 2006/0151394 Al

strength (or associated counterion strength) on the reaction
kinetics (such as shown by the DLVO model) involved in the
growth and stability of molecular and colloidal forms of
silica has been established by research of experts in the field.
Amorphous silica precipitation or gel layer films on metal
surfaces are in equilibrium concentration at given conditions
of saturated soluble SiO, concentration, temperature, pH>7
and MVM ion concentration. Amorphous precipitation and
gel films are reversible (soluble) with dilution or lowering of
silica and/or MVM concentration, or increase in pH.

[0057] Inthe absence of MVM salts, stability of'silica sols
above pH 8.0 would limit gel formation on metal surfaces
and protection from corrosion. Although under equilibrium
conditions the degree of silica that can be dissolved is
limited even at high pH, high silica sols (>4:1 Na:Si) can be
metastable at lower pH (8-10). Such sols can undergo little
change over timescales of months and even years, because
electrostatic repulsion and (probably) mutual steric hin-
drance inhibits the crosslinking of the colloidal particles
(Healy, 1994). Metastability is also achieved by techniques
for increasing the size of the colloidal particles, which
inhibits the gelling kinetics (Iler, 1979, Ch. 4). Total MVM
ion concentration, preferably sodium, should be controlled
at residuals that exceed the soluble silica residual, but
preferably is controlled in the concentration range of 0.1 to
0.2 M for total MVM ions. Control of MVM ion concen-
tration may be conducted through reduction or elimination
of blowdown wastage from the system, thereby concentrat-
ing through evaporation those MVM ions naturally present
in the source water and those exchanged during removal of
multivalent metal ions in the pre-treatment process. In a
more highly preferred embodiment, the MVM ion concen-
tration will be maintained at greater than 0.3 N concentration
of the MVM neutral salt (such as sodium chloride) or an
MVM alkaline salt (such as sodium carbonate). MVM ion
concentration levels attained in method treated systems will
depend upon system capability to concentrate source water,
and the concentration of MVM in the pre-treated or natural
source water. Addition of MVM salts or alkalinity agents
such as sodium chloride, sodium carbonate, sodium hydrox-
ide or the potassium counterparts may be required to attain
control residuals. As residuals of MVM ions are increased,
silica stability equilibrium is reduced and the total concen-
tration of soluble silica required to reach equilibrium con-
centration with amorphous silica is reduced. Concentrations
greater than 0.3 N of MVM may lead to precipitation of
excess silica as amorphous silica, in addition to lowering
soluble (stable) silica residuals required to attain equilibrium
of various silica species with amorphous silica. Thus,
soluble silica residual required for optimum protection of
metal surfaces is reduced, and equilibrium concentration
required for maintaining a low porous silica gel barrier on
metal surfaces is provided. The critical coagulation concen-
tration is reached at lower concentrations with MVM salts of
sodium than with potassium or lithium ions. Thus, higher
normality concentrations would be required for potassium
and other MVM ions to achieve the same effect as sodium
on silica concentration and equilibrium stability.

[0058] Aqueous system pH is maintained at 7.0 or greater
as contributed by the concentration of alkalinity in the
source water by evaporation or distillation of water, or
through supplemental addition of an MVM alkalinity agent,
such as sodium carbonate, to the system when required. The
minimum pH will provide sufficient hydroxyl ions to cata-
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lyze particle growth of the corrosion inhibiting silica forms
from total available monomer and colloidal particles in the
source water. The condensation reaction of silica is cata-
lyzed by hydroxyl ions, which accelerates polymerization
and particle growth. The catalytic effect on particle growth
and gel formation increases with increased pH up through
10.7 where amorphous SiO, dissolves. Solubility and sta-
bility of the polymeric silica and colloidal silica particles
formed increase with pH, and thus supports higher residuals
of'silica in equilibrium with amorphous silica and the related
gel formation on metals for corrosion protection. The higher
“soluble silica” residuals, measured as monomeric silica,
increase significantly in the 9.0 to 10.7 pH range due to the
formation of soluble silicate ions in addition to monomer,
that are both measured by the acid molybdate test. In the
absence of MVM salts, stability of silica sols above pH 8.0
would limit gel formation on metal surfaces and resultant
protection from corrosion. Along these lines, in certain
preferred embodiments of the present invention, the pH may
be raised and maintained at levels of 8.0 of higher, while in
the presence of certain specified MVM salt concentrations.

[0059] To support corrosion inhibition, soluble silica
residuals will preferably be maintained in the aqueous
system at levels approaching or exceeding saturation, but
not less than 10 mg/L, as contributed by the concentration of
natural total available monomeric and colloidal silica from
the source water that is contributed by makeup to the
aqueous evaporative cooling system. Silica, which generally
occurs and is measured in the form of monosilicic acid in
natural source waters, is generally “inert” in neutral solu-
tions below soluble saturation concentrations. Thus, it does
not contribute to effective corrosion inhibiting deposition or
film formation by itself without chemical transformation.
Adjunct forms of silica monomer or silicates silica may be
added initially to supplement the silica in the source water
and establish desired SiO, concentrations for the method in
the aqueous system. In certain applications, such levels may
be maintained at levels of greater than 300 mg/L. soluble
silica. Silica concentrations that exceed solubility at given
aqueous system conditions and in equilibrium with amor-
phous silica will support corrosion inhibition for metals, and
more particularly, inhibit corrosion of mild steel to less than
0.3 mpy and less than 0.1 mpy for copper, stainless steel and
various alloys of these metals contacted by water in the
aqueous system. The preferred ranges of the method will
also provide corrosion protection at less than 0.5 mpy for
soft metals such as aluminum, zinc and galvanized steel and
various alloys of these metals. The method will also control
mild steel corrosion at less than 5 mpy (less than 0.3 mpy for
copper) in treated systems where silica residuals are con-
trolled at less than soluble saturation, but corrosion inhibi-
tion is increasingly effective with the method when
approaching amorphous SiO, equilibrium concentration at a
given pH, MVM ion concentration, and temperature.

[0060] With respect to the mechanisms by which the
methods of the present inventions effectively achieve their
results, excess source water silica (beyond the solubility of
silica attained at given pH, temperature and MVM salt
concentrations in equilibrium with amorphous silica) is
either adsorbed as non-adherent precipitates that form fol-
lowing reaction with small amounts of metals (Ca, Mg, Fe,
Al, Zn) introduced into the aqueous system by source water
and scrubbed from the air by the tower system, or precipi-
tated as amorphous silica when SiO, solubility is exceeded



US 2006/0151394 Al

in the presence of higher concentrations (>0.3 molar) of
MVM salts. The adsorption and precipitation of high ratios
of silica on small amounts of solids such as magnesium
hydroxide has been demonstrated by the Freundlich iso-
therms, and is commonly experienced in water treatment
chemical precipitation processes. Thus, a small quantity of
amorphous silica precipitate is removed from the circulating
water through settling in the tower basin.

[0061] Solubility and stability of silica and colloidal silica
particles increase with higher temperature (in the absence of
PVM ions or salts, which are relatively insoluble, particu-
larly at higher temperature). For example, soluble silica
residuals as high as 660 Mg/ have been found in geother-
mal springs where temperatures were at 250 degrees C. The
increased solubility of silica results from the impact of
temperature on reaction kinetics, which increases both rate
of polymerization and particle growth as temperature
increases, and subsequently accelerates the rate of either
aggregation or gel formation for deposition of corrosion
inhibiting films on receptive heat transfer surfaces. This
probably accounts for the absence of a significant increase in
corrosion rates at higher temperatures with this method,
which is not the case with prior art corrosion inhibiting
mechanisms. Some metals like aluminum may form better
protective films at higher temperatures with this method, and
may permit application of such metals in new heat transfer
applications that were not previously possible. Silica oligo-
mers and colloidal silica particles are also meta-stable at
lower temperatures, after being formed at higher tempera-
tures, and thus may contribute to increased stabilization of
a variety of silica particle sizes in the bulk aqueous circu-
lating water that contribute to effective (non porous) corro-
sion inhibiting film formation on non heat transfer metal
surfaces.

[0062] Relative to the methods of this discovery, the
monomeric and colloidal species of silica found in natural
source waters that do not contribute to corrosion inhibition
at ambient surface water temperatures are transformed by
the effects of temperature on reaction kinetics when intro-
duced into the aqueous evaporative cooling system environ-
ment. First, when introduced with make up into higher bulk
water temperatures in the aqueous evaporative cooling sys-
tem, and secondly when continually being heated to even
higher temperatures in water contacting the heat transfer
surfaces that catalyze molecular and colloidal particle
growth. Hydrated amorphous silica is formed at relatively
low temperatures if monosilicic and oligosilicic acids in
water are concentrated and polymerized by the presence of
hydroxyl ions. Thus, silica transformation and particle
growth is primarily impacted by the combined catalytic
effect on reaction kinetics with control of hydroxyl ion
concentration (particularly as pH increases above 7.0) in
combination with increased temperatures provided in the
aqueous environment. Studies at neutral pH have shown an
approximate 1% increase in silica solubility per 1 degree C.
temperature increase in the range from 0 to 100 degrees F.
With even small increases in temperature and sufficient
available hydroxyl ion concentration (preferred pH control
ranges), the prolonged retention time provided through
minimal wastage (blowdown) of method treated water from
such aqueous systems (permitted by the methods of this
invention), will maintain an aqueous catalytic environment
to incrementally transition source water silica monomer and
colloidal silica to the corrosion inhibiting molecular and
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colloidal particles. Thus, resultant inhibiting forms of
soluble SiO, may gradually increase and approach satura-
tion and equilibrium with solubility of solid amorphous
silica at given aqueous conditions of the method.

[0063] Control of aqueous system chemistry, in particular
with application at the preferred embodiment ranges of the
present methods of the present inventions, will provide
highly effective film formation (corrosion inhibiting barrier)
and exceptional corrosion protection for mild steel, copper,
stainless steel and various alloys of these metals (less than
0.3 mpy for mild steel, and less than 0.1 mpy for copper and
stainless steel). The soft metals, like aluminum, zinc and
galvanized steel generally require the preferred treatment
ranges for effective corrosion protection. Moderately higher
corrosion rates may be acceptable to end users when source
water quality or the maximum evaporative concentrations
attainable by the aqueous system do not permit establish-
ment of soluble silica residuals at maximum concentration
(approaching or exceeding amorphous Si0O,) in the method
treated water. Such moderately elevated corrosion levels
may be superior or equivalent to current art. Comparable
corrosion rates for mild steel in aqueous systems with
existing methods of the present inventions are optimally in
the range of 2 to 5 mpy.

[0064] As alkalinity (hydroxyl ion concentration) is
increased as related to pH levels greater than 7.0, and
residuals of soluble silica are increased and approach satu-
ration of soluble SiO,, corrosion rates will be reduced to
those values disclosed in related U.S. Pat. No. 6,998,092, the
teachings of which are incorporated herein by reference.
Maximum attainable concentration of source water chemis-
try may be limited by low evaporative load and/or uncon-
trollable system water losses (such as tower drift). If the end
user does require lower corrosion rates, such results are
attainable by supplemental addition of adjunct silica mono-
mer or colloidal materials to the aqueous system to achieve
desired residual, and support method process for transfor-
mation to inhibiting silica particles that approach saturation
of soluble silica and solubility of solid amorphous silica.

[0065] Though not fully understood, several corrosion
inhibition mechanisms are believed to be contributing to
corrosion protection of metals now provided by the methods
of the present invention. Such mechanisms are believed to
provide a synergy of both anodic and cathodic inhibition
functions that contribute to the corrosion inhibition process
within the specified control ranges. Insoluble monomeric
silica (supersaturated concentrations and pH below 6.0)
forms an impervious glass-like film, whereas large colloidal
particles form a porous film. In an intermediate range, where
particles are smaller but approaching molecular dimensions,
the coating is clear and the pores in the close-packed mass
of particles may be so small that only water or certain ions
can penetrate. Silica is probably deposited molecularly from
supersaturated aqueous solution by either of two processes
within method treated system control ranges; 1) concentrat-
ing an under saturated solution by evaporation of water, or
2) cooling hot saturated solution in water. The mechanism of
molecular deposition of silica involves a condensation reac-
tion catalyzed by hydroxyl ions and accelerated by the
presence of MVM salts. Deposition is more rapid and
condensation of the silica is more complete at higher solu-
tion and metal surface temperatures.
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[0066] Control of soluble silica residuals at less than
saturation with the method probably reduces the effective-
ness of corrosion inhibition due to insufficient concentra-
tions of the transformed particles (via polymerization and
particle growth) to higher molecular weight and size that
provide anodic or cathodic corrosion inhibition of metals.
Increasing concentrations of soluble silica approaching satu-
ration solubility for monomeric silica, accompanied by
formation of various oligomeric and colloidal particle sizes
are believed to provide increased passivation of metal sur-
faces initially through anodic protection afforded by the
method. Although the proportions of such species formed in
such aqueous equilibrium has not been determined, the
continuous makeup of new monomeric and small colloidal
particles in source water, and slow rate of transformation by
the catalytic reaction kinetics in this process, would likely
insure presence of oligomeric and colloidal species needed
for reaction and film formation on receptive metal surfaces.

[0067] Inthisregard, an anodic corrosion inhibitor mecha-
nism is believed to result from the increased and stable
residuals of oligomeric and colloidal silica provided by the
present methods, which are commonly referred to as sili-
cates. Silicates inhibit aqueous corrosion by hydrolyzing to
form negatively charged colloidal particles. These particles
migrate to anodic sites and precipitate on the metal surfaces
where they react with metallic ion corrosion products. The
result is the formation of a self-repairing gel whose growth
is self-limited through inhibition of further corrosion at the
metal surface. Anodic inhibition is probably the principal
mechanism at less than saturated silica residuals, and is
dependent upon formation of sufficient concentration of
silicate particles that can react with metal surfaces. The
MVM ion concentration should be greater than the soluble
silica concentration to facilitate and accelerate polymeriza-
tion of silica at stable MVM ratios when silica is below
saturation. This concentration of MVM ions is believed to
function in the kinetics of polymerization of monomeric
silica to oligomers and colloidal silicates that inhibit metal
corrosion at such silica concentrations.

[0068] Unlike the monomeric silica form normally found
in source water that does not provide corrosion inhibition by
itself, the methods of the present invention provide such
beneficial effect by control of the aqueous chemical envi-
ronment to transform monomeric and smaller molecular or
colloidal particles found in source waters to corrosion inhib-
iting forms and at sufficient stable concentrations to provide
exceptional corrosion protection. Investigations of total
available silica content in typical municipal waters from
various geographic sources, using a procedure with elevated
pH and temperature to further “digest” the samples to
monomeric form, has shown “total available” low molecular
weight silica forms may be significantly greater (50-300%)
than detected by standard testing procedure with the molyb-
date method. This modified test technique is not believed to
detect higher molecular weight forms of silica, which also
are not naturally present in most surface water environ-
ments. In this respect, the removal of most source water
PMYV ions is operative to prevent reaction and adsorption of
the inhibiting silica forms on metal oxide or metal salt
precipitates from source water.

[0069] When equilibrium concentrations of soluble silica
and amorphous silica are attained, the size range and con-
centration of molecular and stable colloidal particles is
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believed to provide the exceptional corrosion protection of
this method through formation of a very non porous and
protective cathodic film on all types of metal surfaces (mild
steel, copper, stainless steel, aluminum, zinc, galvanized
steel and other alloys of these metals). Examination of the
molecular structure in the monomolecular layer at the metal
surface and then further from the surface after formation of
silica corrosion inhibitive films indicate that a number of
different size polymeric and colloidal particles may be
involved in effective non porous film development. In par-
ticular, the smallest silica polymer (dimer) may initially
bond with metal oxides or hydroxides at the metal surface.
Once this initial silica layer at the surface has formed,
further silica growth continues by reaction with the base
silica layer. Successive layers are added or grow (condense)
from this foundation with addition of increasingly larger
molecular and colloidal particles until sufficient layers of
silica in the gel layer formation is self limited to further
growth by insulation of base metal attraction. The variety of
available particle sizes at stable concentrations provided by
the method through the continuous transformation and
growth of new particles from monomeric and other small
particles introduced with source water make up, in addition
to temperature effects previously noted, may be functional to
the effective filling of gel layer pores and formation of a very
non porous surface film that is highly resistant to penetration
by corrosive ions. The resultant effective formation and
control of sufficient stable residuals of corrosion inhibiting
silica molecular and colloidal particles with such methods of
the present invention has not heretofore been available.

[0070] The extensive improvement in corrosion protection
provided by the methods of the present invention has not
been attainable with prior art methods when system metals
are in contact with significantly higher residuals of aggres-
sive ions (e.g., chloride and sulfate) and the accompanying
greater ionic or electrolytic strength present in the aqueous
system water. Such high concentrations of corrosive ions
result from either use of acid for scale control and/or
concentration of source water ions in the aqueous system. As
is known, corrosion rates generally increase proportionately
with increasing ionic strength. Accordingly, with the meth-
ods ability to protect system metals exposed to this increased
electrolytic corrosion potential, opportunity for water con-
servation and environmental benefits that result with elimi-
nation or reduction of system wastage (blowdown) relied on
by previous methods to reduce corrosion or scaling prob-
lems in aqueous systems can be readily realized through the
practice of the methods disclosed herein.

[0071] Additional modifications and improvements of the
present invention may also be apparent to those of ordinary
skill in the art. Thus, the particular combination of parts and
steps described and illustrated herein is intended to represent
only certain embodiments of the present invention, and is
not intended to serve as limitations of alternative devices
and methods of the present inventions within the spirit and
scope of the invention. For example, since the methods of
the present invention provides both effective silicate scale
control and corrosion inhibition when using high silica or
high dissolved solids source waters, extensive variation in
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source water quality can be tolerated. These source waters
might otherwise be unacceptable and uneconomical for use
in such aqueous systems. In addition, such modifications
may include, for example, using other conventional water
treatment chemicals along with the methods of the present
invention, and could include other scale inhibitors, such as
for example phosphonates, to control scales other than silica,
corrosion inhibitors, biocides, dispersants, defoamers and
the like. In addition, such modifications may include, for
example, using organic base silicates, organic chelates of
silicon, hydrogen-bonded complexes with polar organic
compounds, combinations with organic polymers, and
simple addition of such organic ion species that are capable
of reacting with or impacting the transformation of silica
monomer in this method process for polymerization and
growth of silica particles to impact stability and deposition
of silica particles that provide protective films on metal
surfaces for corrosion inhibiting benefit. Accordingly, the
present invention should be construed as broadly as pos-
sible.

[0072] As an illustration, below there are provided non-
restrictive examples of an aqueous water system that has
been treated with methods conforming to the present inven-
tion.

EXAMPLES OF SOLUBLE SILICA
STABILIZATION METHOD

[0073] The following analytical tests were performed on
samples from cooling tower systems treated with the meth-
ods of the present invention to demonstrate the efficacy of
the present invention for transforming source water mono-
meric and colloidal silica, and controlling the stability of
soluble silica and silicate species at increased concentra-
tions. Two samples of each of the following: 1) varying
source water; 2) the resultant treated system water; and 3)
tower sump insoluble accumulations. A total of six samples
were analyzed from different operating time frames.

[0074] Although the exact mechanism of action of the
process is not completely understood, the methods of the
present invention minimize the turbidity of the treated water,
which is considered a demonstration of effective soluble
silica stabilization and control of amorphous silica deposi-
tion. Methods that produce treated water of less than eight
nephelometric turbidity units (NTU) are considered
improvements over typical aqueous cooling system
insoluble particle suspensions or dispersions content. Tur-
bidity measurements (Table 1) performed on samples taken
from the cooling systems, before and after filtration through
a 0.45-micron filter, illustrate effective silicate inhibition in
the treated water. The turbidity levels are well below typical
cooling tower systems, in particular at such high concentra-
tions (80 COC), and indicate the methods of the present
invention provide controlled non-adherent precipitation of
excess silica and other insoluble materials entering the
system. Clean heat exchanger surfaces have confirmed that
the method silica precipitation is non-adherent. The precipi-
tated silica forms are contained in the cooling tower sump.
However, the volume of precipitant and scrubbed accumu-
lations in the tower sump were not appreciably greater than
previous treatment methods due to reduction of insoluble
polyvalent salt precipitates by pretreatment removal of their
ions.

11

Jul. 13,2006

TABLE 1
Tower Water Turbidity Analyses
Sample No. 1: (Turbidity, NTU) Neat, 4 NTU; Filtered, 2 NTU
Sample No. 2: (Turbidity, NTU) Neat, 3 NTU

[0075] The cooling tower and makeup water analytical
tests performed in Table 2 and Table 3 illustrate the effec-
tiveness of the methods of the present invention in main-
taining higher levels of soluble silica in the cooling tower
system when parameters are controlled within the method
specified control ranges. Soluble silica residuals are present
at 306 and 382 mg/L in these tower samples at the respective
9.6 and 10.0 pH levels. The lower chemical concentration
ratios (COC) for silica in these tower samples, as compared
to the higher cycled residuals for soluble chemistries (chlo-
ride, alkalinity, conductivity), indicate that some of the
excess silica may be precipitating as non-adherent material,
and accumulating in the tower basin. A significant propor-
tion of the silica expected to concentrate from the source
water would not be detected by analytical procedure since
condensation and adsorption growth into large colloidal
particles does not permit detection of the original number of
smaller soluble silica particles. However, deposition of
amorphous silica forms is confirmed by the ratio of amor-
phous silica found in the tower basin deposit analyses.
System metal and heat exchange surfaces were free of silica
or other scale deposits.

TABLE 2

Cooling Tower Sample No. 1/Makeup/Residual Ratios (COC

SAMPLE/TESTS Tower Makeup (soft) cocC
Conductivity, pmhos 33,950 412 824
(Un-neutralized)

pH 10.01 8.23 NA
Turbidity, NTUs

Neat 3 0.08 NA
Filtered (0.451) — — —

Copper, mg/L Cu ND ND NA
Zine, mg/L ND ND NA
Silica, mg/L SiO, 382 9.5 40.2
Calcium, mg/L. CaCO; 16.0 0.20 NA
Magnesium, mg/L CaCOj 3.33 0.05 NA
Iron, mg/L Fe ND ND NA
Aluminum, mg/L Al ND ND NA
Phosphate, mg/L. PO, ND ND NA
Chloride, mg/L 6040 80 75.5
Tot. Alkalinity, mg/L 13200 156 84.6

ND = Not Detectable; NA = Not Applicable; COC = Cycles of Concentra-
tion

[0076]

TABLE 3

Cooling Tower Sample No. 2/Makeup/Residual Ratios (COC

SAMPLE/TESTS Tower Makeup (soft) cocC
Conductivity, pmhos 66,700 829 80
(Un-neutralized)

pH 9.61 7.5 NA
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TABLE 3-continued

Cooling Tower Sample No. 2/Makeup/Residual Ratios (COC)

SAMPLE/TESTS Tower Makeup (soft) CcocC

Turbidity, NTUs

Neat 4 0.08 NA
Filtered (0.451) 2 — —
Zinc, mg/L ND ND NA
Silica, mg/L SiO, 306.4 11 28
Caleium, mg/L CaCOj, 21.5 0.20 NA
Magnesium, mg/L CaCOj; 0.65 0.05 NA
Iron, mg/L Fe ND ND NA
Aluminum, mg/L. Al ND ND NA
Phosphate, mg/L PO, ND ND NA

ND = Not Detectable; NA = Not Applicable; COC = Cycles of Concentra-
tion

[0077] Microscopic and chemical analysis of deposit
samples from accumulated residue in the tower basin of a
system treated by present methodology are shown in Exhibit
1 and Exhibit 2. Both analyses illustrate the significant ratio
of amorphous silica and silica materials in the deposit. The
major proportion of this silica is the probable result of silica
adsorption or reaction with insoluble precipitates of PVM
ions as introduced and concentrated in the tower water, or
amorphous silica precipitation with attainment of elevated
MVM ion concentrations. Visual inspections of heat transfer
equipment in the system treated by this method have con-
firmed that it has remained free of silica and other scale
deposits. System heat transfer efficiencies were also main-
tained at minimum fouling factor levels.

Exhibit 1

MICROSCOPICAL ANALYSIS—POLARIZED
LIGHT MICROSCOPY

Deposit Designation: Cooling Tower Basin Deposit

[0078]

%
ESTIMATED CONSTITUENTS

>30 Amorphous silica, including assorted diatoms, probably
including amorphous magnesium silicate; calcium
carbonate (calcite)

1-2 Assorted clay material including feldspar; hydrated
iron oxide; carbonaceous material
<1 Silicon dioxide (quartz); assorted plant fibers;

unidentified material including possibly aluminum
oxide (corundum)
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Exhibit 2
CHEMICAL ANALYSIS—DRIED SAMPLE

Deposit Designation: Cooling Tower Basin Deposit

[0079]

% ESTIMATED CONSTITUENTS
12.1 CaO
8.5 MgO
5.2 Fe;0,
3.7 Fe,05
<0.5 ALO;
13.2 Carbonate, CO,
51.1 Si0,
5.7 Loss on Ignition

[0080] Most probable combinations: Silica ~54%, Cal-
cium Carbonate

CHEMICAL ANALYSIS—DRIED SAMPLE

Deposit Designation: Cooling Tower Basin Deposit
% ESTIMATED CONSTITUENTS
~32%, Oxides of Iron ~9%, Mg and Al Oxides ~5%.

EXAMPLES OF CORROSION INHIBITION
METHODS OF THE PRESENT INVENTION

[0081] The data in Table 4 illustrate the effectiveness of
the methods of the present invention in inhibiting corrosion
for carbon steel and copper metals evaluated by weight loss
coupons in the system. No pitting was observed on coupon
surfaces. Equipment inspections and exchanger tube surface
testing have confirmed excellent corrosion protection. Com-
parable corrosion rates for carbon steel in this water quality
with existing methods of the present inventions are opti-
mally in the range of 2 to 5 mpy.

TABLE 4

CORROSION TEST DATA

Specimen Type

Carbon Steel Copper
Test location Tower Loop Tower loop
Exposure period 62 Days 62 Days
Corrosion Rate (mpy) 0.3 <0.1

What is claimed is:

1. A method for controlling precipitation of polyvalent
metal ion salts that form deposits on heat transfer surfaces in
an aqueous water system and concurrently precipitate silica
contributed by source water, the method comprising the
steps:

a) removing polyvalent metal (PVM) ions from said
source water;

b) controlling the monovalent metal (MVM) ion concen-
tration of the aqueous system water such that said
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aqueous system water possesses an MVM ion concen-
tration that exceeds the soluble silica concentration;

¢) elevating and maintaining the pH of said aqueous
system water such that said aqueous system water
possesses a pH of approximately 7.0 or greater; and

d) concentrating said source water and its natural silica
content by evaporation of makeup water in an aqueous
system where the system water temperature is higher
than the makeup water temperature, and said system
water is circulated in contact with heat transfer surfaces
that elevate such portion of water to even higher
temperatures.

2. The method of claim 1 wherein in step a), said PVM

ions prevalently comprise ions of calcium and magnesium.

3. The method of claim 1 wherein said aqueous system
water contains soluble SiO, of a concentration that is greater
than 10 mg/L..

4. The method of claim 3 wherein said aqueous system
water contains soluble SiO, at saturation residuals for a
given pH, MVM ions concentration and temperature.

5. The method of claim 1 wherein in step a), sufficient
PVM ions are removed such that the resulting PVM ions
concentration is equal to or less than approximately 10% of
the SiO, concentration within said source water.

6. The method of claim 5 wherein in step a), sufficient
PVM ions are removed such that the resulting PVM ions
concentration is equal to or less than approximately 2% of
the SiO, concentration within said source water.

7. The method of claim 1 wherein in step c¢), said pH is
maintained at 8.0 or higher.

8. The method of claim 1 wherein in step a), said PVM
ions are removed via a method selected from the group
consisting of ion exchange, selective ion removal with
reverse 0smosis, reverse osmosis, electro chemical removal,
chemical precipitation, evaporation and distillation.

9. The method of claim 1 wherein in step c¢), said pH is
increased by adding an MVM alkali agent.

10. The method of claim 9 wherein said alkali agent
comprises sodium carbonate.

11. The method of claim 1 wherein in step c¢), said pH is
elevated by evaporating a portion of said aqueous system
water.

12. The method of claim 1 wherein in step ¢), said pH is
elevated by distilling a portion of said aqueous system water.

13. The method of claim 1 wherein in step d), said system
water is selected from the group consisting of water utilized
for cooling processes, water utilized for cooling tower
systems, water utilized for evaporative cooling, water uti-
lized for cooling lakes or ponds, and water utilized for
indirect cooling of enclosed or secondary cooling and heat-
ing loops.

14. A method for inhibiting corrosion of a metallic sub-
stance in an aqueous system wherein said aqueous system
derives water, and silica contributed by source water, from
make-up of source water, the method of the present inven-
tion comprising the steps:

a) removing polyvalent metal (PVM) ions from said
source water;

b) controlling the monovalent metal (MVM) ion concen-
tration of the aqueous system water such that said
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aqueous system water possesses an MVM ion concen-
tration that exceeds the soluble silica concentration;
and

¢) elevating and maintaining the pH of said aqueous
system water such that said aqueous system water
possesses a pH of approximately 7.0 or greater.

d) concentrating said source water and its natural silica
content by evaporation of makeup water in an aqueous
system where the system water temperature is higher
than the makeup water temperature, and said system
water is circulated in contact with heat transfer surfaces
that elevate such portion of water to even higher
temperatures.

15. The method of claim 14 wherein in step a), said PVM

ions prevalently comprise ions of calcium and magnesium.

16. The method of claim 14 wherein said aqueous system
water contains soluble SiO, of a concentration greater than
10 mg/L..

17. The method of claim 16 wherein said aqueous system
water contains soluble SiO, of a concentration that is
between 10 mg/LL to saturation concentrations.

18. The method of claim 16 wherein said aqueous system
water contains soluble SiO, at saturation residuals for a
given pH, MVM ions concentration and temperature.

19. The method of claim 14 wherein in step a), sufficient
PVM ions are removed such that the resulting PVM ions
concentration is equal to or less than approximately 10% of
the SiO, concentration within said source water.

20. The method of claim 19 wherein in step a), sufficient
PVM ions are removed such that the resulting PMV ions
concentration is equal to or less than approximately 2% of
the SiO, concentration within said source water.

21. The method of claim 14 wherein in step c), said pH is
maintained at 8.0 or higher.

22. The method of claim 14 wherein in step a), said PVM
ions are removed via a method selected from the group
consisting of ion exchange, selective ion removal with
reverse 0smosis, reverse osmosis, electro chemical removal,
chemical precipitation, evaporation and distillation.

23. The method of claim 14 wherein in step c), said pH is
increased by adding a MVM alkali agent.

24. The method of claim 23 wherein said alkali agent
comprises sodium carbonate.

25. The method of claim 14 wherein in step c¢), said pH is
elevated by evaporating a portion of said aqueous system
water.

26. The method of claim 14 wherein in step c), said pH is
elevated by distilling a portion of said aqueous system water.

27. The method of claim 14 wherein said metallic sub-
strate is selected from the group consisting of mild steel,
copper, stainless steel, aluminum, zinc, galvanized steel and
various alloys of such metals.

28. The method of claim 1 wherein prior to step a), the
method comprises the step:

analyzing said source water to determine the total avail-
able concentration of SiO, present therein.
29. The method of claim 14 wherein prior to step a), the
method comprises the step:

analyzing said source water to determine the total avail-
able concentration of SiO, present therein.

30. The method of claim 1 wherein in step b), said MVM

ion concentration of said aqueous system water is controlled
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such that said aqueous system water possesses a 0.1 N t0 0.2
N concentration of MVM ions.

31. The method of claim 14 wherein in step b), said MVM
ion concentration of said aqueous system water is controlled
such that said aqueous system water possesses a 0.1 N t0 0.2
N concentration of MVM ions.

32. The method of claim 1 wherein in step b), said MVM
ion concentration of said aqueous system water is controlled
such that said aqueous system water possesses a 0.3 N or
greater concentration of MVM ions.

33. The method of claim 14 wherein in step b), said MVM
ion concentration of said aqueous system water is controlled
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such that said aqueous system water possesses a 0.3 N or
greater concentration of MVM ions.

34. The method of claim 14 wherein in step d), said
system water is selected from the group consisting of water
utilized for cooling processes, water utilized for cooling
tower systems, water utilized for evaporative cooling, water
utilized for cooling lakes or ponds, and water utilized for
indirect cooling of enclosed or secondary cooling and heat-
ing loops.

35. The method of claim 17 wherein said aqueous system
water contains soluble SiO, of at least 300 mg/L.
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