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(57) Abstract: A mcthod for preparing a concentrated solution containing watcr, citrate ions and silver ions, including providing
an amount of trisilver citrate, providing an amount of citric acid, wherein the amount of the citric acid is at least 19 times the
amount of the trisilver citrate by weight, and mixing the trisilver citrate and the citric acid in an amount of water to produce the
concentrated solution, wherein the amount of water is selected so that the concentrated solution has a citrate ion concentration
which is at least 300 grams per liter. A concentrated solution containing water, citrate ions and silver ions, wherein the concentrat-
ed solution has a silver ion concentration which is at least 10 grams per liter. A diluted solution prepared by adding water to a
concentrated solution containing water, citrate ions and silver ions.
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ANTIMICROBIAL SILVER SOLUTIONS

TECHNICAL FIELD

Antimicrobial silver solutions and methods for preparing antimicrobial silver

solutions.

BACKGROUND OF THE INVENTION

The antimicrobial properties of silver have been utilized for centuries. For
example, early Mediterranean cultures recognized that storing water in silver vessels rendered
it potable. In the Middle Ages, silver nitrate was used for nervous disorders, epilepsy and for
curing syphilis. In 1844, Crede, a German obstetrician, used a silver nitrate solution to
eliminate blindness in newborns caused by post-partum infection. A silver nitrate solution was
also used by von Behring in 1887 for the treatment of typhoid and anthrax. Other forms of
silver such as coatings for the prevention of food spoilage and silver plates and foils for the

surgical treatment of wounds and broken bones have also been used throughout the centuries.

It is believed that antimicrobial properties of silver may be provided by silver
ions. As a result, efforts have been made in the prior art to produce compositions containing
silver ions for use in providing antimicrobial properties. One challenge in producing such
compositions is in providing compositions which are relatively “stable”, in that the silver ions
will remain in ionic form in the compositions before use so that the silver ions are available
during use to provide antimicrobial propertics. Another challenge in producing such
compositions is in providing methods of preparation of the compositions which are relatively

economical.

U.S. Patent No. 6,197,814 (Arata) discloses an aqueous disinfectant comprising
an aqueous solution of silver citrate and citric acid produced by a process comprising
electrolytically generating silver ions in a solution of citric acid and water, with the silver ions
reacting with the citric acid to form eclectrolytically generated silver citrate having a
concentration greater than the concentration of a non-electrolytically generated silver citrate

within a similar or same solution of citric acid and water.
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U.S. Patent No. 6,838,095 (Newman et al) discloses a substantially non-
colloidal solution made by combining ingredients comprising water, a source of free silver
jons, and a substantially non-toxic, substantially thiol-free, substantially water-soluble

complexing agent.

There remains a need for relatively economical methods for producing relatively
stable aqueous solutions containing relatively high concentrations of silver ions. There also
remains a need for relatively stable aqueous solutions containing relatively high concentrations

of silver ions which may be used directly or diluted for use as antimicrobial compositions.

SUMMARY OF THE INVENTION

References in this document to operating parameters, to ranges, to lower limits
of ranges, and to upper limits of ranges are not intended to provide strict boundaries for the
scope of the invention, but should be construed to mean “approximately” or “about” or
“substantially”, within the scope of the teachings of this document, unless expressly stated

otherwise.

Further to the previous paragraph, references in this document to amounts of
compounds expressed in “grams”, “moles”, “% by weight”, “ppm” etc. are based upon
approximate molar weights of the compounds described. For example, in this document the
molar weight of citric acid is considered to be about 192 grams per mole, the molar weight of
the citrate ion is considered to be about 189 grams per mole, the molar weight of trisilver
citrate is considered to be about 513 grams per mole and the molar weight of silver nitrate is

constdered to be about 170 grams per mole.

Further to the previous two paragraphs, references in this document to
conversions between “grams”, “moles”, % by weight”, “ppm” etc. are approximate
conversions. For example, 2 moles of citric acid and 2 moles of the citrate ion are both

considered to constitute about 400 grams for the purposes of this document.

The present invention is directed generally at methods for producing solutions
comprising water, a suitable carboxylic acid and a suitable silver salt of the carboxylic acid.
The present invention is also directed generally at solutions comprising water, a suitable

carboxylic acid and a suitable silver salt of the carboxylic acid.
22 -
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The solutions according to the present invention may be concentrated solutions
or diluted solutions. A concentrated solution is a solution prepared in accordance with the
invention which has a concentrated silver ion concentration which is at least 10 grams per liter.
A diluted solution is a solution which is prepared from a concentrated solution and which has a

diluted silver ion concentration which is less than the concentrated silver ion concentration.

A particularly suitable carboxylic acid for use in the invention is citric acid and a
particularly suitable silver salt for use in the invention is trisilver citrate. Other potentially
suitable carboxylic acids include, but are not limited to, glycolic acid, lactic acid, alpha
hydroxybutyric acid, mandelic acid, glyceric acid, malic acid, tartaric acid, and meso-tartaric

acid.

Trisilver citrate exhibits relatively low solubility in water under normal physico-
chemical conditions (i.e., room temperature and atmospheric pressure). According to the
Merck Index, the solubility of trisilver citrate in water is about 1 part trisilver citrate in 3500
parts water (i.e., about 285 parts per million (ppm) or about 0.285 grams per liter or about
0.0026 moles per liter).

The invention is based in part upon the discovery that trisilver citrate exhibits
relatively higher solubility in an aqueous solution of citric acid, which solubility is

proportionate to the concentration of the citric acid (i.e., citrate ions) in the aqueous solution.

The invention is also based in part upon the discovery that a solution comprising
water, citrate ions, and trisilver citrate can be relatively stable, depending upon the
concentration of the citric acid and the concentration of the silver jons in the aqueous solution.
For the purposes of this document, a “stable” solution is a solution in which substantially all of
the silver ions initially present in the solution will remain in the solution for an extended period

of time.

The solubility of silver ions in an aqueous solution of citric acid and the stability
of such a solution is believed to result at least in part from the formation of one or more

relatively soluble silver citrate complexes in the solution.
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More particularly, the invention is based in part upon the following observed
properties which have been found to be generally applicable under normal physico-chemical
conditions to solutions comprising water, citric acid (i.e., citrate ions) and silver ions and which

are applied in the practice of the invention:
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the solubility of silver ions in the solution increases in a substantially linear
relationship with the concentration of the citric acid as the concentration of the
citric acid in the aqueous solution increases from 0 to about 4 moles per liter

(i.e., about 800 grams per liter, or about 45% by weight).

pursuant to the linear relationship described above, at least about 30 grams (i.e.,
about 0.16 moles) of citric acid are required to be dissolved in the solution for
each gram (i.e., about 0.0093 moles) of silver ions which are dissolved in the

solution;

pursuant to the linear relationship described above, at least about 19 grams (i.e.,
about 0.099 moles) of citric acid are required to be dissolved in the solution for
each gram (i.e., about 0.0020 moles) of trisilver citrate which is dissolved in the

solution;

at a citric acid concentration in the solution of about 4 moles per liter (i.e., about
800 grams per liter, or about 45% by weight), a silver ion concentration of about
25 grams per liter (i.e., about 25000 ppm or about 0.23 moles per liter) can be

achieved in the solution;

at a citric acid concentration in the solution of about 2 moles per liter (i.e., about
400 grams per liter, or about 29% by weight), a silver ion concentration of about
13 grams per liter (i.e., about 13000 ppm or about 0.12 moles per liter) can be

achieved in the solution;

at a citric acid concentration in the solution of about 1.5 moles per liter (i.e.,
about 300 grams per liter, or about 23% by weight), a silver ion concentration of
about 10 grams per liter (i.e., about 10000 ppm or about 0.093 moles per liter)

can be achieved in the solution;

-4 -
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7. a solution having a silver ion concentration less than or equal to about 13 grams

per liter (i.e., about 13000 ppm or about 0.12 moles per liter) is relatively stable, in

that the silver ion concentration in the solution will remain substantially constant

over time;

8. a stabilizing agent may be added to a solution having a silver ion concentration
greater than about 13 grams per liter (i.e., about 13000 ppm or about 0.12 moles
per liter) in order to enhance the stability of the solution. A suitable stabilizing

agent may be comprised of glycerol;

9. a diluted solution having a silver ion concentration less than or equal to about 13
grams per liter (i.e., about 13000 ppm or about 0.12 moles per liter) which is
prepared by adding water to a concentrated solution having a silver ion
concentration greater than about 13 grams per liter (i.e., about 13000 ppm or about
0.12 moles per liter) is relatively stable, in that the silver ion concentration in the

solution will remain substantially constant over time;

The above observed properties are based upon an approximate molar weight for citric acid
of about 192 grams per mole, an approximate molar weight for silver of about 108 grams per mole,
an approximate molar weight for citrate ions of about 189 grams per mole, and an approximate

molar weight for trisilver citrate of about 513 grams per mole.

According to a first aspect of the present invention, there is provided a concentrated
solution comprising water, hydrogen ions, citrate ions and silver citrate complexes consisting
essentially of silver ions and citrate ions, wherein the silver ions have a concentrated silver ion
concentration in the concentrated solution, wherein the citrate ions have a concentrated citrate ion
concentration in the concentrated solution, wherein the concentrated citrate ion concentration is at
least 30 times the concentrated silver ion concentration by weight, wherein the concentrated citrate
ion concentration is at least 300 grams per liter, and wherein the concentrated silver ion

concentration is greater than 10 grams per liter.

According to a second aspect of the present invention, there is provided a diluted solution
prepared by adding water to a concentrated solution comprising water, hydrogen ions, citrate ions
and silver citrate complexes consisting essentially of silver ions and citrate ions, wherein the silver
ions have a concentrated silver ion concentration in the concentrated solution, wherein the silver
ions have a diluted silver ion concentration in the diluted solution, wherein the citrate ions have a
concentrated citrate ion concentration in the concentrated solution, wherein the citrate ions have a

diluted citrate ion concentration in the diluted solution, wherein the concentrated citrate ion
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concentration is at least 30 times the concentrated silver ion concentration by weight, wherein the
diluted citrate ion concentration is at least 30 times the diluted silver ion concentration by weight,

and wherein the concentrated silver ion concentration is greater than 10 grams per liter.

According to a third aspect of the present invention, there is provided a method for
preparing a concentrated solution comprising water, hydrogen ions, citrate ions and silver citrate

complexes consisting essentially of silver ions and citrate ions, the method comprising:
p g y p g
(a) providing an amount of trisilver citrate;

(b) providing an amount of citric acid, wherein the amount of citric acid is at least 19

times the amount of the trisilver citrate by weight; and

© mixing the trisilver citrate and the citric acid in an amount of water to produce the
concentrated solution, wherein the amount of the water is selected so that the
citrate ions have a concentrated citrate ion concentration in the concentrated
solution which is at least 300 grams per liter, and wherein the amount of trisilver
citrate is selected so that the silver ions have a concentrated silver ion

concentration in the concentrated solution which is greater than 10 grams per liter.

The method of the invention may be performed at any temperature between about 2
degrees Celsius and about 100 degrees Celsius. A preferred temperature range for the performance
of the method is between about 20 degrees Celsius and about 40 degrees Celsius. Increasing the
temperature of the performance of the method may be advantageous for increasing the solubility of
the citrate ions and the silver ions in the concentrated solution and for increasing the rate at which

the method may be performed.

The concentrated citrate ion concentration may be between 300 grams per liter and the
maximum citrate ion concentration which may be achieved under the physico-chemical conditions
of the solution. At normal physico-chemical conditions, the maximum citrate ion concentration in
an aqueous solution of citric acid is believed to be about 1550 grams of citrate ion per liter of

water.

As a result, the concentrated citrate ion concentration may be between 300 grams per liter

and 1550 grams per liter under normal physico-chemical conditions.
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A concentrated citrate ion concentration above about 800 grams per liter may be
difficult to achieve and maintain and the solubility of silver ions in solutions containing more

than 800 grams per liter of citrate ions may cease to increase in a linear relationship.

As a result, in some embodiments the concentrated citrate ion concentration is

between 300 grams per liter and 800 grams per liter under normal physico-chemical conditions.

At a concentrated citrate ion concentration of 800 grams per liter, the
concentrated silver ion concentration is about 25 grams per liter. At a concentrated citrate ion
concentration of 300 grams per liter, the concentrated silver ion concentration is about 10
grams per liter. Al a concentrated citrate ion concentration of 400 grams per liter, the

concentrated silver ion concentration is about 13 grams per liter.

As a result, in some embodiments in which the concentrated citrate ion
concentration is between 300 grams per liter and 1550 grams per liter, the concentrated silver
ion concentration is between 10 grams per liter and 25 grams per liter. In some embodiments
in which the concentrated citrate ion concentration is between 300 grams per liter and 800
grams per liter, the concentrated silver ion concentration is between 10 grams per liter and 25
grams per liter. In some embodiments in which the concentrated citrate ion concentration is at
least 400 grams per liter, the concentrated silver ion concentration is greater than 13 grams per

liter.

Water may be added to the concentrated solution to prepare a diluted solution.
The water which is added to the concentrated solution may be purified water, such as water
which has been subjected to distillation, deionization, reverse osmosis, filtration or some other

purification processes.

In some applications, the water which is added to the concentrated solution may
be unpurified water, depending upon the impurities which may be contained in the available
unpurified water. If the available unpurified water contains impurities which may significantly
interfere with the solubility of the silver ions in the concentrated solution, it is preferred that the
water which is added to the concentrated solution to prepare the diluted solution is purified

water.
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The citrate ions have a diluted citrate ion concentration in the diluted solution
and the silver ions have a diluted silver ion concentration in the diluted solution. The diluted
silver ion concentration is less than the concentrated silver ion concentration. The diluted

citrate ion concentration is at least 30 times the diluted silver ion concentration by weight.

In some embodiments, the diluted silver ion concentration is greater than 13
grams per liter. In some embodiments, the diluted silver ion concentration is less than or equal
to 13 grams per liter. In some embodiments, the diluted silver ion concentration is less than or

equal to 10 grams per liter.

A plurality of diluted solutions having the same or different diluted silver ion
concentrations may be prepared from the concentrated solution. A diluted solution may also be
further diluted. The preparation of one or more diluted solutions from the concentrated
solution facilitates the production of the concentrated solution with a relatively high silver ion
concentration (i.c., at least 10 grams per liter) for use as a starting material in the preparation of
diluted solutions having silver ion concentrations suited for particular antimicrobial or

biomedical applications.

If the concentrated silver ion concentration is greater than 13 grams per liter, the
stability of the concentrated solution may be compromised. In such embodiments, the
concentrated solution may be diluted to provide a diluted silver ion concentration which is less

than or equal to 13 grams per liter so that the diluted solution is relatively stable.

Alternatively, the stability of a concentrated solution and/or of a diluted solution
having a silver ion concentration which is greater than 13 grams per liter may be enhanced by

including an amount of a stabilizing agent in the solution.

The stabilizing agent may be comprised of any suitable substance or
combination of substances which will assist in maintaining the silver ions in the solution. For

example, the stabilizing agent may be comprised of glycerol.

The concentrated solution and/or the diluted solution may consist essentially of
the water, the citrate ions, the silver ions, and optionally the stabilizing agent. Alternatively,
the concentrated solution may be comprised of the water, the citrate ions, the silver lons, and

optionally the stabilizing agent.
-8-
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In some applications, it is preferred that the concentrated solution and/or the
diluted solution consists essentially of the water, the citrate ions, the silver ions, and optionally
the stabilizing agent. In such applications, any preparation of the diluted solution is preferably

performed by adding purified water to the concentrated solution.

If the concentrated solution and/or the diluted solution contains ions or
substances in addition to the water, the citrate ions, the silver ions, and optionally the
stabilizing agent, such ions or substances preferably do not significantly affect negatively the
solubility of the silver ions in the solution. For example, preferably the concentrated solution
and/or the diluted solution does not contain “counter-ions” which compete with the silver ions

for interaction with the citrate ions to form the silver citrate complexes in the solution.

Citric acid and trisilver citrate are both solids at normal physico-chemical
conditions. As a result, the preparation of the concentrated solution may be performed by
dissolving an amount of solid citric acid and an amount of trisilver citrate in an amount of

water.

The trisilver citrate may be obtained for use in the invention as a solid which is
relatively insoluble in water. Alternatively, the trisilver citrate may be prepared from a source
of silver ions and a source of citrate ions in a preliminary process which is carried out prior to

or as part of the performance of the method of the invention.

As one non-limiting example, the trisilver citrate may be prepared for use in the
invention using a “sodium hydroxide route” in which aqueous silver nitrate is reacted with
aqueous sodium hydroxide to produce silver oxide as a precipitate, and in which the silver

oxide precipitate is reacted with agueous citric acid to produce trisilver citrate as a precipitate.

As a second non-limiting example, the trisilver citrate may be prepared for use
in the invention using an “ammonium hydroxide route” in which aqueous silver nitrate is
reacted with aqueous ammonium hydroxide to produce soluble silver diamino complexes

which are then reacted with citric acid to produce trisilver citrate as a precipitate.
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As a third non-limiting example, the trisilver citrate may be prepared for use in
the invention using a “silver oxide route” in which silver oxide solid is reacted with aqueous

citric acid to produce trisilver citrate as a precipitate.

As a fourth non-limiting example, the trisilver citrate may be prepared for use in
the invention using a “silver salt-citrate compound route” in which an aqueous silver salt (such
as silver nitrate) is reacted with an aqueous citrate compound (such as ammonium citrate or a

citrate salt) to produce trisilver citrate as a precipitate.

As a fifth non-limiting example, the trisilver citrate may be prepared for use in
the invention using an “electrolytic chemistry route” in which electrolysis is performed using a
silver electrode as a source of silver ions in an electrolytic solution of citrate ions in order to

produce trisilver citrate in solution or as a precipitate.

The various routes for preparing trisilver citrate may produce one or more
substances in addition to trisilver citrate as a product. If the concentrated solution is to consist
essentially of the water, the citrate ions, the silver ions, and optionally the stabilizing agent,
then the trisilver citrate may be separated from such other substances before being used in the
method of the invention. Separating the trisilver citrate from such other substances may be

performed by filtering, by washing and/or by using other suitable separation techniques.

The concentrated solutions and diluted solutions prepared in accordance with
the invention may be diluted with water to provide any desired silver ion concentration.
Concentrated solutions and diluted solutions prepared in accordance with the invention and
having a silver ion concentration which is less than or equal to 13 grams per liter are relatively
stable. Concentrated solutions and diluted solutions having a silver ion concentration greater
than 13 grams per liter may be rendered more stable by being diluted with water to provide a

silver ion concentration which is less than or equal to 13 grams per liter.

The concentrated solutions and diluted solutions prepared in accordance with
the invention may be used in many different applications where the antimicrobial properties of
silver ions may be useful. By way of non-limiting examples, concentrated solutions and/or
diluted solutions prepared in accordance with the invention may be used (depending upon the
silver ion concentration) as disinfectants or cleaning agents in swimming pools, hot tubs,

hospitals, buildings, aircraft, buses, automobiles, for disinfecting protective masks, surgical
-10-
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instruments, wound dressings, countertops, surgical beds, for preventing biofilm formation, for

agricultural applications, and for veterinary medicine applications.

In addition to providing the benefits of the antimicrobial properties of silver
ions, the concentrated solutions and diluted solutions prepared in accordance with the invention
may provide also benefits resulting from the anti-oxidative properties of citrate ions. The anti-
oxidative propertics of citrate ions may be useful for treating many different medical
conditions. By way of non-limiting examples, the anti-oxidative properties of citrate ions may
be useful for the treatment of cancer, conjunctivitis, acne, flu, eye infections, burns and urinary

tract infections.

As a result, the concentrated solutions and the diluted solutions prepared in
accordance with the invention may provide in a single composition or product the combined
effects of the antimicrobial properties of silver ions and the anti-oxidative properties of citrate

ions.

The concentrated solutions and the diluted solutions prepared in accordance
with the invention may be used in any suitable manner. By way of non-limiting examples, the
concentrated solutions and the diluted solutions may be sprayed onto surfaces or objects, added
to other liquids, and/or objects may be soaked in the concentrated solutions and the diluted

solutions.

BRIEF DESCRIPTION OF DRAWINGS

Embodiments of the invention will now be described with reference to the

accompanying drawings, in which:

Figure 1 is a graph depicting a “best fit” of silver ion concentration (in grams
per liter) in an aqueous solution as a function of citric acid concentration (in moles per liter) in
the aqueous solution, in which a substantially linear relationship is observed for a citric acid
concentration between 0 moles per liter and about 4 moles per liter, in which about 39 grams
per liter of solid trisilver citrate have been provided in the aqueous solution, and in which the

maximum citric acid concentration is about 4 moles per liter.

-11-
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Figure 2 is a graph depicting a “best fit” of silver ion concentration (in moles per
liter) in an aqueous solution as a function of citric acid concentration (in moles per liter) in the
aqueous solution, in which a substantially linear relationship is observed for a citric acid
concentration between 0 moles per liter and about 4 moles per liter, in which about 39 grams
per liter of solid trisilver citrate have been provided in the aqueous solution, and in which the

maximum citric acid concentration is about 5 moles per liter.

Figure 3 is a graph depicting a “best fit” of silver ion concentration (in moles per
liter) in an aqueous solution as a function of citric acid concentration (in moles per liter) in the
aqueous solution, in which a substantially linear relationship is observed for a citric acid
concentration between 0 moles per liter and 4 moles per liter, in which about 39 grams per liter
of solid trisilver citrate have been provided in the aqueous solution, and in which the maximum

citric acid concentration is about 4 moles per liter.

Figure 4 is a graph depicting a “best fit” of dissolved trisilver citrate or trisilver
citrate in solution (in moles per liter) in an aqueous solution as a function of citric acid
concentration (in moles per liter) in the aqueous solution, in which the silver citrate
concentration is about in which a substantially linear relationship is observed for a citric acid
concentration between 0 moles per liter and 4 moles per liter, in which about 39 grams per liter
of solid trisilver citrate have been provided in the aqueous solution, and in which the maximum

citric acid concentration is about 4 moles per liter.

Figure 5 is a graph depicting a “best fit” of silver ion concentration (in grams
per liter) as a function of time in an aqueous solution prepared in accordance with the

invention, in which the initial silver ion concentration is about 19 grams per liter.

Figure 6 is a graph depicting a “best fit” of silver ion concentration (in grams
per liter) as a function of time in an aqueous solution prepared in accordance with the

invention, in which the initial silver ion concentration is about 13 grams per liter.

DETAILED DESCRIPTION

Trisilver citrate (Agz;CsHsO7) is a white solid compound which exhibits
relatively low solubility in water (H>O) under normal physico-chemical conditions (i.e., room

temperature and atmospheric pressure).
-12-
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The present invention is directed at methods for the preparation of silver citrate
complexes which are soluble in water, at concentrated solutions containing relatively high
concentrations of such silver citrate complexes, and at diluted solutions prepared from such

concentrated solutions.

The maximum silver ion concentration that can be achieved in solution by the
present invention is estimated at about 25 grams of silver ions (Ag(l)) per liter (i.e., about
25,000 ppm or about 0.23 moles per liter). Concentrated solutions of silver ions prepared in
accordance with the invention can be diluted (without causing the precipitation of silver salt(s))
to provide diluted solutions which can be used for antimicrobial and/or disinfectant
applications throughout a wide range of silver ion concentrations, including low silver ion

concentrations of between 5 ppm and 60 ppm, depending on the targeted application.

Although trisilver citrate is not soluble to a significant extent in water, it can be
dissolved in aqueous citric acid solutions under appropriate conditions as described in this

document.

Citric acid (H3CsHsO7) is a solid which is relatively soluble in water. If citric
acid is added to a slurry containing solid particles of trisilver citrate, the dissolution of the
trisilver citrate in the resulting aqueous solution can theoretically be represented by the

following Equations:

AgiCsHs07] + 2 H3C¢HsO7 — 3AgH>CqHs04 (D

and

2Ag3C6H507l + H3C6H507 s 3Ag2HC6H507 (2)

if the compounds AgI,Ce¢HsO7 and Ag,HCgHsO;7 are soluble in water.

Based upon the stoichiometry of Equations (1) and (2) and upon an assumption

that the compounds AgH,C¢HsO; and Ag,HCgHsO; are soluble in water, it can easily be

calculated that the required amounts of solid citric acid to achieve a dissolution of 100 grams
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(about 0.195 moles) of trisilver citrate are, respectively, for Equation (1) about 74.89 grams

(about 0.39 moles), and for Equation (2) about 18.72 g (about 0.098 moles).

However, experimental data has proven to be inconsistent with the calculated
amounts suggested by Equations (1) and (2). Experimentally, it has been found that
significantly larger amounts of citric acid than the amounts suggested by Equations (1) and (2)

are required for the dissolution of trisilver citrate.

Tt has been observed experimentally that with heating it is possible to achieve
citric acid concentrations in aqueous solutions of about 1550 grams of citric acid per liter of
water (i.e., about 8 moles per liter, or about 61% by weight). It has also been observed
experimentally that silver ion concentrations of up to about 25 grams of silver ions per liter of
water (i.e., about 25000 ppm or about 0.23 moles per liter) can be achieved in concentrated
solutions having a citric acid concentration or citrate ion concentration of at least about 800

grams per liter (i.e., about 4 moles per liter, or about 45% by weight).

Based upon these experimental observations, it seems that the dissolution of
trisilver citrate in an aqueous citric acid solution cannot be accurately described by Equations
(1) and (2).

Instead, it is believed that the dissolution of trisilver citrate in an aqueous citric

acid solution can be described by the following Equations:

AgsCeHsO7) + nHyCeHsO7 — [AgsCeHs07(CsHs07)a™ + 3nH” (3)
or

AgCeHs07) + nH3CeHs07 — [Ags(CeHsOnnn ™™ + 3nH' (4)

Concentrated solutions and diluted solutions comprising water, citrate ions and
silver ions prepared in accordance with the invention (and which are believed to contain silver
citrate complexes having the general formula [Ags(CeHsO07)n+11"™) have been found to be
relatively soluble and relatively stable in water under certain conditions as described in this

document.
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To avoid the use of electrochemical equipment, and thereby achieve savings in
time and energy, the concentrated solutions of the invention can be produced using many
different routes, a number of which are described in this document as non-limiting examples.
The production of concentrated solutions according to the invention is not limited to the routes
described herein. Other possible routes for production of the concentrated solutions will be

apparent to persons skilled in the art by using and modifying the techniques described herein.

It is known that silver salts of carboxylic acids or, more specifically hydroxy
acids, may be prepared as white precipitates upon mixing aqueous solutions of silver nitrate
and a soluble salt of the carboxylic acid of interest. Consequently, examples of possible
chemical routes for the production of concentrated solutions according to the invention include

the following.

A. Sodium Hydroxide (NaOH) Route

Starting from a water soluble salt, such as for example silver nitrate (AgNO3),
an addition of the required amount of sodium hydroxide (NaOH) would lead to the

precipitation of silver oxide (Ag0), according to the following Equation:

2AgNO; + NaOH — Ag,0] + 2NaNO; + H,O &)

If the silver oxide precipitate is properly separated and properly washed, then the
addition of a stoichiometrically proper amount of citric acid solution will result in a complete
precipitation of silver as trisilver citrate. To avoid silver loses in the process, the conditions are
selected such that the yield of the precipitated trisilver citrate is always between about 97% and
about 100%. The formation of trisilver citrate upon an addition of citric acid solution to the

silver oxide precipitate is described by the Equation:
3Ag,0| + 2H3C¢HsO7 — 2Ag3C6H507l + 3H,O (6)
As Equation (6) shows, under proper conditions only trisilver citrate and water

will be produced. No other constituents will be formed, and a product of high quality and

purity will be achieved if the starting materials are free of contaminants.
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If an appropriate amount of citric acid is added to the above slurry containing
trisilver citrate, then the formation of a concentrated solution containing silver citrate
complexes having the general formula [Ag3(CsHs07)a+1 ™™ may occur as described by Equation
(4) above.

Similar processes for the production of concentrated solutions according to the
invention are possible if instead of NaOH, other alkali or earth-alkali hydroxides are used in the

process.

B. Ammonium Hvdroxide (NH4,OH) Route

This route can be attractive because silver oxide is soluble in ammonium
hydroxide and separation of trisilver citrate from other substances can potentially be avoided

for some applications in which the presence of such other substances can be tolerated.

In this route, if ammonium hydroxide (NH,OH) is added to an aqueous solution
of silver nitrate, a formation of soluble silver diamino complexes may occur as described by the

following Equations:

2AgNO; + 2NH,OH — Ag,0] + 2NHNO; + H,0 7

Ag0| + 4NH;OH — 2[Ag(NH3),]OH + 3H,0 (8)
or,

AgNO; + 3NILOH — [Ag(NH;),JOH + NHNO; + 2H,0 ©)

To avoid an unnecessary accumulation of ammonium (NH,4") ions in the system
it is recommended that only a stoichiometrically proper amount of ammonium hydroxide be
added. This proper amount is determined by the last drop of ammonium hydroxide that leads
to the dissolution of the silver oxide which is formed as an intermediate product in the process.
If the system contains an excessive amount of ammonium ions, it will be necessary to add
additional citric acid in order to neutralize the base and to allow a proper precipitation of the

trisilver citrate.
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An addition of citric acid to the silver diamino complex solution leads to the

precipitation of trisilver citrate as shown by the following Reaction:

3[Ag(NH3);JOH + 2H;CeHsO; — AgsCeHsO7) + (NH,);CeHsO; + NHyNOs  (10)

If the presence of ammonium ions in the system can be tolerated, then separation
of the trisilver citrate from the solution can be avoided. However, ammonium ions represent a
potential “counter-ion” which could compete with silver ions and interfere with the formation
of silver citrate complexes, thereby reducing the effectiveness of the method of the invention

and the resulting concentrated solution.

As a result, a separation step may be desirable in order to separate the trisilver

citrate from the solution and thereby obtain pure trisilver citrate.

Once the trisilver citrate precipitate is formed and optionally separated from the
ammonium ions, a further addition of citric acid will produce a concentrated solution

containing silver citrate complexes according to the invention.

The amount of citric acid which is required to produce a concentrated solution
having a desired silver ion concentration is dependent upon the amount of trisilver citrate and
therefore the amount of silver ions and upon the initial amount of silver nitrate which is used to

prepare the trisilver citrate.

C. Silver Oxide (Ag20O) Route

Based on the description of Routes A and B above, it is obvious that trisilver
citrate can be produced by a route using silver oxide as a source of silver ions. In this route, if
a stoichiometrically proper amount of citric acid is added to a slurry containing solid silver

oxide, trisilver citrate precipitate will be produced according to the following Equation:

3Ag,0 + 2H3C¢Hs0; — 2Ag;CsHsO7) + 3H,0 (1

An appropriate amount of citric acid may then be mixed with the trisilver citrate
in an aqueous solution in order to produce a concentrated solution having a desired silver ion

concentration in the manner as described for Routes A and B.
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D. Silver Salt-Citrate Compound Route

For this route any water soluble citrate can be used in order to produce the

trisilver citrate. One example, using sodium citrate (Na;C¢H;s0O~) is as follows.

If a stoichiometrically proper amount of solid or dissolved sodium citrate is
added to an aqueous solution of silver nitrate, precipitation of trisilver citrate will occur

according to the following Equation:

3AgNO; + Na3C¢Hs07 — AgiC¢Hs07| + 3NaNOj (12)

After separation of the trisilver citrate precipitate from the sodium nitrate
solution, a concentrated solution having a desired silver ion concentration can be produced as
described for Routes A and B by mixing the trisilver citrate with an aqueous solution

containing an appropriate amount of citric acid.

If the starting compound which is used as a source of citrate ions is ammonium
citrate ((NH3)3C¢HsO5), the precipitation of trisilver citrate will occur according to the

following Equation:

3AENO; + (NHg);CeHsO; — AgsCeHsO7) + 3NHNO; (13)

In general terms, the precipitation of trisilver citrate, depending on the source or

citrate ions and silver ions, can be described by the following general Equation:

Me(I)3C¢HsO,7 + 3AgY — AgiCeHs;07) + 3MeY 14)

where AgY is any water soluble silver salt and Me(I) can be any mono-valent metal or NH,".

When the source of the citrate ions is a citrate salt of a two-valent metal, Me(II),

the precipitation of trisilver citrate can be described by the following Equation:

Me(Il)3(CsHs07)s + 6AgY — 2AgiCeHsO7) + 3MeY, (15)
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When the source of the citrate ions is a citrate salt of a three-valent metal,

Me(III), the precipitation of trisilver citrate can be described by the following Equation:

Me(lIICeHsO4 + 3AgY — AgzCgHs0;| + MeY; (16)

E. Trisilver Citrate Route

The following general method can be used for the production of concentrated

solutions containing silver citrate complexes in accordance with the invention.

If available, trisilver citrate can be used directly as a starting material.
Alternatively, trisilver citrate which has been produced from sources of silver ions and citrate
ions by a route for producing trisilver citrate (including but not limited to Routes A, B, C and

D) may be used as the starting material.

In this general method, dissolution of the trisilver citrate in an aqueous solution
containing an appropriate amount of citric acid can be carried out in a manner described in
Routes A, B, C. and D above, and a concentrated solution containing soluble silver citrate

complexes having the general formula [Ag;(CGFIsO7),,+1]3 "

" can be produced.

In summary, Routes A, B, C, D and E represent examples of possible chemical
routes for producing concentrated solutions according to the invention. Routes A, B, C and D
provide for the production of concentrated solutions according to the invention in which
trisilver citrate is not used as a starting material but is produced from a source of silver ions and
a source of citrate ions. The produced trisilver citrate is then combined with water and citric
acid in order to prepare concentrated solutions according to the invention. Route E is a general
route in which trisilver citrate is used as a starting material, wherein the trisilver citrate may be
obtained from any source, including a route for producing trisilver citrate from a source of

silver ions and a source of citrate ions.

The concentrated solutions according to the invention are comprised of water,
citrate ions and silver ions. The concentrated solutions according to the invention may contain
other substances as additives or impurities. Preferably, the concentrated solutions according to
the invention do not contain material amounts of additives or impurities which interfere with

the formation and/or maintenance of silver citrate complexes in the concentrated solutions. As
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a result, in some embodiments the concentrated solutions consist essentially of water, citrate
ions and silver ions such that any other substances which are present in the concentrated
solutions do not interfere significantly with the formation and/or maintenance of silver citrate

complexes in the concentrated solutions.

Concentrated solutions prepared in accordance with the present invention may
be diluted to any silver ion concentration in order to produce diluted solutions for specific
antimicrobial applications.  Concentrated solutions and diluted solutions prepared in
accordance with the invention may be relatively stable depending upon their composition and

may be useful within a wide range of antimicrobial and/or disinfectant applications.

The preparation of concentrated solutions and diluted solutions according to the
invention requires careful management of the amount of citric acid (i.e., the citric acid
concentration or citrate ion concentration) which is present in the solutions, since the solubility
of trisilver citrate and the resulting formation of silver citrate complexes is dependent upon the

citric acid or citrate ion concentration in the solutions.

The principles guiding the management of the citric acid or citrate ion
concentration in concentrated solutions and diluted solutions may be demonstrated with

reference to Figures 1-6.

Figures 1-6 provide results of laboratory experiments conducted for the purpose

of establishing the principles and limits relating to the practice of the invention.

Figure 1 is a graph depicting a “best fit” of silver ion concentration (in grams
per liter) in an aqueous solution/slurry containing citric acid and trisilver citrate under normal
physico-chemical conditions, as a function of citric acid concentration (in moles per liter),
wherein the initial concentration of trisilver citrate in the solution/slurry is 39 grams per liter

(i-e., about 24.6 grams per liter of silver).
As can be seen from Figure 1, an increase in the citric acid concentration leads

to an increase in the solubility of silver citrate and thus an increase in the silver ion

concentration in the solution.
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From Figure 1, it can be seen that the relationship between citric acid
concentration and silver ion concentration is substantially linear for citric acid concentrations
between 0 moles per liter and about 4 moles per liter (i.e., about 800 grams per liter or about

45% by weight). The linear relationship may be expressed by the following Equation:

y = 6.4316x + 0.3 (17)
where: y: is silver ion concentration in grams per liter
X: is citric acid concentration in moles per liter

As can be seen, the slope of Equation 17 representing the linear relationship is
6.4316, which means that 6.4316 grams of silver ions are soluble in a liter of water for each

mole per liter of citric acid which is present in the solution/slurry.

As a result, a silver ion concentration of about 13 grams per liter (i.e., about
13000 ppm or about 0.12 moles per liter) would appear to be achievable in a solution having a
citric acid concentration of about 2 moles per liter (i.e., about 400 grams per liter or about 29%
by weight), and a silver ion concentration of about 25 grams per liter (i.e., about 25000 ppm or
about 0.23 moles per liter) would appear to be achievable in a solution having a citric acid
concentration of about 4 moles per liter (i.e., about 800 grams per liter or about 45% by

weight).

Figure 2 is a graph depicting a “best fit” of silver ion concentration (in moles per
liter) in an aqueous solution/slurry containing citric acid and trisilver citrate under normal
physico-chemical conditions, as a function of citric acid concentration (in moles per liter),
wherein the initial concentration of trisilver citrate in the solution/slurry is 39 grams per liter

(i.c., about 24.6 grams of silver per liter).

As can be seen again from Figure 2, an increase in the citric acid concentration
leads to an increase in the solubility of silver citrate and thus an increase in the silver ion

concentration in the solution.

From Figure 2, it can also be seen again that the relationship between citric acid
concentration and silver ion concentration is substantially linear for citric acid concentrations

between 0 moles per liter and about 4 moles per liter (i.e., about 800 grams per liter or about
-21-
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45% by weight). At a citric acid concentration of about 4 moles per liter, the silver ion
concentration is about 0.23 moles per liter (i.e., about 25 grams per liter or about 25000 ppm),
which is equivalent to the concentration of silver provided by the trisilver citrate initially

contained in the solution/slurry.

Figure 3 is a graph depicting a “best fit” of silver ion concentration (in moles per
liter) in an aqueous solution/slurry containing citric acid and trisilver citrate under normal
physico-chemical conditions, as a function of citric acid concentration (in moles per liter),
wherein the initial concentration of trisilver citrate in the solution/slurry is 39 grams per liter

(i.e., about 24.6 grams per liter of silver).

As can be seen again from Figure 3, an increase in the citric acid concentration
leads to an increase in the solubility of silver citrate and thus an increase in the silver ion

concentration in the solution.

From Figure 3, it can also be seen again that the relationship between citric acid
concentration and silver ion concentration is substantially linear for citric acid concentrations
between 0 moles per liter and about 4 moles per liter (i.e., about 800 grams per liter or about

45% by weight). The linear relationship may be expressed by the following Equation:

y = 0.0592x + 0.0028 (18)
where: y: is silver ion concentration in moles per liter
X: is citric acid concentration in moles per liter

As can be seen, the slope of Equation 18 representing the linear relationship is
0.0592, which means that 0.0592 moles of silver ions are soluble in a liter of water for each

mole per liter of citric acid which is present in the solution/slurry.

As a result, a silver ion concentration of about 0.12 moles per liter (i.e., about 13
grams per liter or about 13000 ppm) would appear to be achievable in a solution having a citric
acid concentration of about 2 moles per liter (i.e., about 400 grams per liter or about 29% by
weight), and a silver ion concentration of about 0.24 moles per liter (i.e. about 25 grams per

liter or about 25000 ppm) would appear to be achievable in a solution having a citric acid
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concentration of about 4 moles per liter (i.e., about 800 grams per liter or about 45% by

weight).

Figure 4 is a graph depicting a “best fit” of dissolved trisilver citrate or trisilver
citrate in solution (in moles per liter) in an aqueous solution/slurry containing citric acid and
trisilver citrate under normal physico-chemical conditions, as a function of citric acid
concentration (in moles per liter), wherein the initial concentration of trisilver citrate in the

solution/slurry is 39 grams per liter (i.e., about 24.6 grams per liter of silver).

As can be seen again from Figure 4, an increase in the citric acid concentration
leads to an increase in the solubility of silver citrate and thus an increase in the dissolved

trisilver citrate contained in the solution.

From Figure 4, it can also be seen again that the relationship between citric acid
concentration and dissolved trisilver citrate concentration is substantially linear for citric acid
concentrations between 0 moles per liter and about 4 moles per liter (i.e., about 800 grams per

liter or about 45% by weight). The linear relationship may be expressed by the following

Equation:
y = 0.0197x + 0.0009 (19)
where: y: is dissolved trisilver citrate concentration in moles per liter

X: is citric acid concentration in moles per liter

As can be seen, the slope of Equation 19 representing the linear relationship is
0.0197, which means that 0.0197 moles of trisilver citrate are soluble in a liter of water for each
mole per liter of citric acid which is present in the solution/slurry. It is noted that 0.0197 moles
of trisilver citrate contains about 0.0124 moles of silver, based upon a molar weight of 513

grams per mole for trisilver citrate and a molar weight of 108 grams per mole for silver.

As a result, a silver ion concentration of about 0.12 moles per liter (i.e., about 13
grams per liter or about 13000 ppm) would appear to be achievable in a solution having a citric
acid concentration of about 2 moles per liter (i.e., about 400 grams per liter or about 29% by
weight), and a silver ion concentration of about 0.24 moles per liter (i.e. about 25 grams per

liter or about 25000 ppm) would appear to be achievable in a solution having a citric acid
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concentration of about 4 moles per liter (i.c., about 800 grams per liter or about 45% by

weight).

The maximum solubility of citric acid in water under normal physico-chemical
conditions is theoretically about 1550 grams per liter (i.e., about 8 moles per liter or about 61%
by weight). However, citric acid concentrations above about 4 moles per liter have been found
to be practically difficult to achieve. It has been observed during laboratory experiments that
an increase in citric acid concentration above about 4 moles per liter (i.e., about 800 grams per
liter or about 45% by weight) appears to result in the formation of saturated solutions of citric

acid and in the production of citric acid crystals.

It has been empirically observed that heating of solutions/slurries containing
more than about 4 moles per liter of citric acid assists in dissolving the citric acid crystals, but
subsequent cooling of the solutions/slurries results in further crystallization, suggesting that the
practical saturation limit for citric acid under normal physico-chemical conditions is about 4

moles per liter (i.e., about 800 grams per liter or about 45% by weight).

As noted above, silver ion concentrations of about 25 grams per liter (i.e., about
25000 ppm or about 0.23 moles per liter) would appear to be achievable at citric acid
concentrations above about 4 moles per liter (i.e., about 800 grams per liter or about 45% by

weight),

As a result, based upon Figures 1-4 and upon observations made during
laboratory experiments, it would appear that the present invention is capable of achieving
concentrated solutions having a silver ion concentration of up to about 25 grams per liter (i.e.,
about 25000 ppm or about 0.23 moles per liter) in aqueous solutions of citric acid having a
citric acid or citrate ion concentration of about 4 moles per liter (i.e., about 800 grams per liter

or about 45% by weight) or higher.

Based upon Figures 1-4, it also appears that the silver ion concentrations which
are achievable in aqueous solutions of citric acid having a citric acid or citrate ion
concentration of between 0 moles per liter and about 4 moles per liter varies in a substantially
linear relationship with the citric acid or citrate ion concentration, which linear relationship

may be expressed as follows:
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1. the ratio of citric acid or citrate ion concentration (in moles per liter) to silver

ion concentration (in grams per liter) is at least about 0.16:1;

2. the ratio of citric acid or citrate ion concentration (in moles per liter) to silver

ion concentration (in moles per liter) is at least about 17:1;

3. the ratio of citric acid or citrate jon concentration (in grams per liter) to silver

ion concentration (in grams per liter) is at least about 30:1;

4. the ratio of citric acid or citrate ion concentration (in moles per liter) to trisilver

citrate dissolvable in solution (in grams per liter) is at least about 0.099:1;

3. the ratio of citric acid or citrate ion concentration (in moles per liter) to trisilver

citrate dissolvable in solution (in moles per liter) is at least about 51:1; and

6. the ratio of citric acid or citrate ion concentration (in grams per liter) to trisilver

citrate dissolvable in solution (in grams per liter) is at least about 19:1.

Figure 5 and Figure 6 are graphs depicting a “best fit” of silver ion concentration
as a function of time where the initial silver ion concentration is 19 grams per liter and 13
grams per liter respectively. Figure 5 and Figure 6 demonstrate the relative stability of

concentrated solutions and/or diluted solutions prepared in accordance with the invention.

Referring to Figure 5, the silver ion concentration of a concentrated solution
prepared in accordance with the invention over a period of about 13 weeks (i.e., about 3
months) is depicted for a concentrated solution having an initial silver ion concentration of

about 19 grams per liter (i.e., about 19000 ppm or about 0.18 moles per liter).

As depicted in Figure 5, the silver ion concentration decreased over the three
month period from about 19 grams per liter to about 12 grams per liter (i.e., about 12000 ppm

or about 0.11 moles per liter).

Referring to Figure 6, the silver ion concentration of a concentrated solution

prepared in accordance with the invention over a period of about 10 weeks (i.e. about 2-3
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months) is depicted for a concentrated solution having an initial silver ion concentration of

about 13 grams per liter (i.e., about 13000 ppm or about 0.12 moles per liter).

As depicted in Figure 6, the silver ion concentration did not change significantly

over the 2-3 month period from the initial silver ion concentration of about 13 grams per liter.

In general, it has been found that concentrated solutions prepared in accordance
with the invention which have a silver ion concentration which is less than or equal to about 13
grams per liter (i.e., about 13000 ppm or about 0.12 moles per liter) are relatively stable under
normal physico-chemical conditions. In addition, it has been found that diluted solutions
which have a silver ion concentration which is less than or equal to about 13 grams per liter and
which have been prepared from concentrated solutions having a silver ion concentration which
is greater than about 13 grams per liter are also relatively stable, provided that the appropriate
ratio of citric acid or citrate ion concentration to silver ion concentration is maintained in the

diluted solutions.

Concentrated solutions and diluted solutions having a silver ion concentration
which is between about 13 grams per liter (i.e., about 13000 ppm or about 0.12 moles per liter)
and about 15 grams per liter (i.e., about 15000 ppm or about 0.14 moles per liter) have
generally been found to be reasonably stable, but not as reliably stable as concentrated solutions
and diluted solutions having a silver ion concentration which is less than or equal to about 13

grams per liter.

The stability of concentrated solutions and diluted solutions may be enhanced by
adding a stabilizing agent to the solutions. It has been found that glycerol may be a suitable

stabilizing agent for use in the invention.

Concentrated solutions and diluted solutions prepared in accordance with the
invention may be used for a range of antimicrobial and disinfectant applications. By way of
non-limiting examples, concentrated solutions and diluted solutions prepared in accordance
with the invention may be useful for various specific applications such as prevention of bio-
film formation, disinfection of swimming pools, hot tubs, spas, disinfection of surgical
instruments, hospitals, public buildings, aircrafts, in topical wound dressings (e.g. bandages), as
additives for cleaning agents and in any other applications where the suppression of micro-

organisms may be required.
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Another potential advantage of concentrated solutions and diluted solutions
prepared in accordance with the invention is that both silver ions and citrate ions are known for
their antimicrobial properties. As a result, the combination of silver ions and relatively high
concentrations of citrate ions in the concentrated solutions and the diluted solutions prepared in
accordance with the invention may provide superior antimicrobial properties in comparison

with compositions containing only silver ions or only citrate ions.

Although the invention has been described primarily in the context of
concentrated solutions and diluted solutions prepared from trisilver citrate and citric acid as
starting materials, it should be noted that similar solutions can be prepared when other
carboxylic or hydroxy-carboxylic acids are used in place of citric acid, such as glycolic acid,
lactic acid, a-hydroxybutyric acid, mandelic acid, glyceric acid, malic acid, tartaric acid, meso-

tartaric acid or the like, in combination with silver salts of such acids.

The following experimental Examples illustrate features and aspects of the

invention.

Example 1

7.6849 grams of silver nitrate (AgNQOs) (i.e., containing about 4.88 grams of
silver ions) were dissolved in 100 mL of reverse osmosis (RO) purified water. To this solution
10 mL of 28% by volume sodium hydroxide (NaOH) solution was added. After precipitation
of a dark brown silver oxide (Ag,0) precipitate occurred, the slurry was mixed for another 20
minutes. The slurry was left to allow the brown silver oxide precipitate to settle and a clear
colorless solution was then decanted. The brown silver oxide precipitate was then carefully
rinsed with reverse osmosis water until the pH of the washing solution was about 7. After the
washing step, a solution of 155 grams of solid citric acid (H3CgH507) dissolved in 100 mL of
reverse osmosis (RO) purified water (i.e., about 1550 grams per liter, about 8 moles per liter, or
about 61% by weight) was added to the wet brown silver oxide precipitate. Upon the addition
of the highly concentrated citric acid solution the color of the precipitate changed from dark
brown to white. This change in appearance indicated a transformation of the brown silver
oxide precipitate to white trisilver citrate (Agz;C¢HsO7) precipitate. With heating the white

trisilver citrate precipitate disappeared and a clear, dense, colorless solution was obtained. The
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solution was boiled down to 250 mL to provide a concentrated solution which contained about

620 grams per liter of citric acid (i.e. about 3 moles per liter or about 38% by weight).

The chemical analysis of the concentrated solution showed that the silver ion
concentration was about 18.8 grams per liter (i.e., a total of about 4.7 grams of silver ions in the
concentrated solution) indicating that only about 3.7% of the silver ions contained in the silver
nitrate were lost during the preparation of the concentrated solution. The density of the

concentrated solution was about 1.26 g/cm® and the final product solution had a pHof 1.

The appearance of the clear colorless concentrated solution did not change for
over three months. However some crystallization at the bottom of the container occurred
during the three months. It appeared that the crystals were first colorless, then white and finally
grayish. Chemical analysis of the concentrated solution determined that the silver ion
concentration in the concentrated solution gradually decreased over time. Specifically, the
silver ion concentration in the concentrated solution was reduced over time from an initial
silver ion concentration of 18.8 grams per liter to a final silver ion concentration of about 11

grams per liter after 3 months.

Example 2

Starting with 7.8651 grams of silver nitrate (AgNOs) (i.e., containing about 4.99
grams of silver ions), an aqueous clear colorless solution containing only silver ions and citrate
ions was obtained in the manner as described in Example 1. 35 mL of glycerol (C3Hs(OH)3)
were added to this solution and the solution was diluted exactly to 250 mL to provide a
concentrated solution which contained about 620 grams per liter of citric acid (i.e., about 3

moles per liter or about 38% by weight).

Chemical analysis of the concentrated solution found that the silver ion
concentration was 18.96 grams per liter (i.e., a total of about 4.74 grams of silver ions in the
concentrated solution), showing that about 5.1% of the silver ions contained in the silver nitrate

were lost during the process.

Furthermore, the concentrated solution was relatively stable over a period of
three months. Some formation of crystals at the bottom of the container was observed.

Importantly, the silver ion concentration in the concentrated solution decreased, but to a
-28-
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significantly lesser extent than was observed in Example 1. Specifically, over a period of 3
months the silver ion concentration in the concentrated solution decreased from 18.96 grams
per liter to about 17 grams per liter, indicating that the use of glycerol as a stabilizing agent can

significantly enhance the stability of solutions prepared in accordance with the invention.

Example 3

7.8614 grams of silver nitrate (AgNOs) (i.e., containing about 4.99 grams of
silver ions) were dissolved in 100 mL of reverse osmosis (RO) purified water. To this solution
7 mL of 28% by volume ammonium hydroxide (NH4OH) solution was added to obtain a clear
colorless solution containing silver diamino complex [Ag(NH;),]". When a clear colorless
solution was obtained, a solution of 155 grams of solid citric acid (H3C¢HsO7) dissolved in 100
mL of reverse osmosis (RO) purified water (i.e., about 1550 grams per liter, about 8 moles per
liter, or about 61% by weight) was added to the silver diamino complex solution at room
temperature.  Initially, a formation of white silver citrate (AgzCsHsO;) precipitate was
observed, which dissolved upon heating of the solution to about 50° C — 60° C. While the
solution was being heated, 35 mL of glycerol as a stabilizing agent was mixed with the solution
and the temperature of 50° C — 60° C was maintained for the next 10 minutes. The solution
was then boiled to a volume of about 200 mL to 220 mL. The boiled solution was then diluted
with reverse osmosis (RO) purified water to a final volume of 250 mL to provide a
concentrated solution which contained about 620 grams per liter of citric acid (i.e., about 3

moles per liter or about 38% by weight).

The clear and colorless concentrated solution had a pH of about 1, a density of
approximately 1.3 g/cm’, and a silver ion concentration of 19.51 grams per liter (i.e., a total of
about 4.88 grams of silver ions), which was slightly below the expected silver ion
concentration (19.97 grams per liter or 4.99 grams), based on the initial amount of silver

nitrate.

With aging the concentrated solution exhibited a gradual decrease in silver ion
concentration from 19.51 grams per liter to about 13 grams per liter during a period of three
months. Further aging of the concentrated solution did not lead to a significant decrease in the

silver ion concentration.
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It is noted that in this Example 3, a “counter-ion” (NH;") was present in the
concentrated solution. As a result, Example 3 demonstrates that a presence of a so-called
“counter-ion” in solutions prepared in accordance with the invention, even with the addition of
glycerol as a stabilizing agent, may result in a significant decrease in the silver ion
concentration in the concentrated solution and a reduction in the stability of the concentrated

solution.

Example 4

7.8624 grams of silver nitrate (AgNOs) (i.e., containing about 4.99 grams of
silver ions) were dissolved in 150 mL of reverse osmosis (RO) purified water. In a separate
beaker 4 grams of sodium citrate (Na;C¢llsO7) was dissolved in 50 mL of reverse osmosis
(RO) purified water. While stirring the silver nitrate solution with a magnetic stirrer, the
sodium citrate solution was added to the silver nitrate solution and the formation of white

trisilver citrate (AgsC¢HsO7) precipitatc was observed.

After mixing for 20 minutes, the resulting combined solution were left to settle.
The white trisilver citrate precipitate was separated from the combined solution by filtration
and the silver ion concentration in the combined solution as found by chemical analysis to be

about 2.15 grams per liter.

The white trisilver citrate precipitate was carefully rinsed with reverse osmosis
(RO) purified water. A solution of 155 grams of solid citric acid (H3;C¢HsO5) dissolved in 100
mL of reverse osmosis (RO) purified water was added to the trisilver citrate (Ag3CeHs09)
precipitate. With mild heating the white trisilver citrate precipitate dissolved and a clear
colorless solution was obtained. The volume of the solution was then adjusted to about 250
mL to provide a concentrated solution which contained about 620 grams per liter of citric acid

(i.e., about 3 moles per liter or about 38% by weight).

The silver ion concentration in the concentrated solution was about 20.31 grams
per liter. Having regard to the amount of silver ions provided by the silver nitrate (i.e., about
4.99 grams), the silver ion concentration measured in the concentrated solution suggests that
that volume of the concentrated solution was actually less than 250 mL, with the result that the
citric acid concentration in the concentrated solution was actually greater than 3 moles per liter

or 38% by weight. The concentrated solution was stored in a clear bottle. No change in color
-30 -
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was observed over a period of four months, but the silver ion concentration in the concentrated solution

decreased during the four month period from about 20 grams per liter to about 14 grams per liter.

Example 5

A concentrated solution having a silver ion concentration of about 20 grams per liter and a
citric acid concentration of about 620 grams per liter (i.e., about 3 moles per liter or about 38% by

weight) was prepared exactly as described in Example 4 above.

The concentrated solution was diluted with reverse osmosis (RO) purified water to obtain a
series of diluted solutions having silver ion concentrations ranging from 9 grams per liter to 20 grams

per liter.

It was observed that the diluted solutions having a silver ion concentration less than 13 grams
per liter (i.e., 13000 ppm or about 0.12 moles per liter) were relatively stable and did not show a
significant decrease in silver ion concentration as long as the citric acid concentration was sufficient to
maintain the trisilver citrate in the diluted solutions and thus prevent precipitation of the trisilver citrate.
As previously described, for a silver ion concentration of 13 grams per liter (i.e., 13000 ppm or about
0.12 moles per liter), the required citric acid concentration to prevent the precipitation of the trisilver

citrate is at least about 400 grams per liter (i.e., about 2 moles per liter or about 29% by weight).

Throughout this specification and the claims which follow, unless the context requires
otherwise, the word "comprise", and variations such as "comprises" and "comprising", will be
understood to imply the inclusion of a stated integer or step or group of integers or steps but not the

exclusion of any other integer or step or group of integers or steps.

A reference to an element by the indefinite article “a” does not exclude the possibility that more
than one of the elements is present, unless the context clearly requires that there be one and only one of

the elements.

The reference in this specification to any prior publication (or information derived from it), or
to any matter which is known, is not, and should not be taken as an acknowledgment or admission or
any form of suggestion that that prior publication (or information derived from it) or known matter
forms part of the common general knowledge in the field of endeavour to which this specification

relates.

While various embodiments of the present invention have been described above, it should be
understood that they have been presented by way of example only, and not by way of limitation. It will
be apparent to a person skilled in the relevant art that various changes in form and detail can be made
therein without departing from the spirit and scope of the invention. Thus, the present invention should

not be limited by any of the above described exemplary embodiments.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A concentrated solution comprising water, hydrogen ions, citrate ions and silver citrate
complexes consisting essentially of silver ions and citrate ions, wherein the silver ions have a
concentrated silver ion concentration in the concentrated solution, wherein the citrate ions have a
concentrated citrate ion concentration in the concentrated solution, wherein the concentrated citrate
ion concentration is at least 30 times the concentrated silver ion concentration by weight, wherein
the concentrated citrate ion concentration is at least 300 grams per liter, and wherein the

concentrated silver ion concentration is greater than 10 grams per liter.

2. The concentrated solution as claimed in claim 1 wherein the concentrated citrate ion
concentration is between 300 grams per liter and 1550 grams per liter and wherein the concentrated

silver ion concentration is between greater than 10 grams per liter and 25 grams per liter.

3. The concentrated solution as claimed in claim 1 or 2 wherein the concentrated silver ion

concentration is greater than 13 grams per liter.

4. The concentrated solution as claimed in claim 1, 2 or 3, further comprising an amount of a

stabilizing agent.

5. The concentrated solution as claimed in claim 4 wherein the stabilizing agent is comprised
of glycerol.
6. The concentrated solution as claimed in claim 4 or 5 wherein the concentrated solution

consists essentially of the water, the hydrogen ions, the citrate ions, the silver citrate complexes and

the stabilizing agent.

7. A diluted solution prepared by adding water to a concentrated solution comprising water,
hydrogen ions, citrate ions and silver citrate complexes consisting essentially of silver ions and
citrate ions, wherein the silver ions have a concentrated silver ion concentration in the concentrated
solution, wherein the silver ions have a diluted silver ion concentration in the diluted solution,
wherein the citrate ions have a concentrated citrate ion concentration in the concentrated solution,
wherein the citrate ions have a diluted citrate ion concentration in the diluted solution, wherein the
concentrated citrate ion concentration is at least 30 times the concentrated silver ion concentration
by weight, wherein the diluted citrate ion concentration is at least 30 times the diluted silver ion
concentration by weight, and wherein the concentrated silver ion concentration is greater than 10

grams per liter.
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8. The diluted solution as claimed in claim 7 wherein the concentrated silver ion
concentration is greater than 13 grams per liter and wherein the diluted silver ion concentration is

less than or equal to 13 grams per liter.

9. The diluted solution as claimed in claim 7 or 8 wherein the concentrated silver ion
concentration is greater than 15 grams per liter and wherein the diluted silver ion concentration is

less than or equal to 15 grams per liter.

10. The diluted solution as claimed in claim 7, 8 or 9 wherein the diluted solution consists

essentially of the water, the hydrogen ions, the citrate ions and the silver citrate complexes.

11. A method for preparing a concentrated solution comprising water, hydrogen ions, citrate

ions and silver citrate complexes consisting essentially of silver ions and citrate ions, the method

comprising:
(a) providing an amount of trisilver citrate;
(b providing an amount of citric acid, wherein the amount of citric acid is at least 19
times the amount of the trisilver citrate by weight; and
(© mixing the trisilver citrate and the citric acid in an amount of water to produce the
concentrated solution, wherein the amount of the water is selected so that the
citrate ions have a concentrated citrate ion concentration in the concentrated
solution which is at least 300 grams per liter, and wherein the amount of trisilver
citrate is selected so that the silver ions have a concentrated silver ion
concentration in the concentrated solution which is greater than 10 grams per liter.
12. The method as claimed in claim 11 wherein the concentrated solution has a concentrated

silver ion concentration in the concentrated solution which is between greater than 10 grams per

liter and 25 grams per liter.

13. The method as claimed in claim 11 or 12, further comprising adding an amount of a

stabilizing agent to the concentrated solution.

14. The method as claimed in claim 13 wherein the stabilizing agent is comprised of glycerol.
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15. The method as claimed in claim 13 or 14 wherein the concentrated solution consists
essentially of the water, the hydrogen ions, the citrate ions, the silver citrate complexes and the

stabilizing agent.

16. The method as claimed in any one of claims 11 to 15, further comprising adding water to
the concentrated solution to prepare a diluted solution, wherein the silver ions have a diluted silver
ion concentration in the diluted solution which is less than the concentrated silver ion
concentration, wherein the citrate ions have a diluted citrate ion concentration in the diluted
solution, and wherein the diluted citrate ion concentration is at least 30 times the diluted silver ion

concentration by weight.

17. The method as claimed in claim 16, further comprising adding water to the concentrated
solution to prepare a diluted solution, wherein the silver ions have a diluted silver ion concentration
in the diluted solution, wherein the citrate ions have a diluted citrate ion concentration in the
diluted solution, wherein the concentrated silver ion concentration in the concentrated solution is
greater than 13 grams per liter, wherein the diluted silver ion concentration is less than or equal to
13 grams per liter, and wherein the diluted citrate ion concentration is at least 30 times the diluted

silver ion concentration by weight.

18. The method as claimed in any one of claims 11 to 17 wherein the concentrated silver ion

concentration in the concentrated solution is greater than 15 grams per liter.

19. The method as claimed in claim 18, further comprising adding water to the concentrated
solution to prepare a diluted solution, wherein the silver ions have a diluted silver ion concentration
in the diluted solution, wherein the citrate ions have a diluted citrate ion concentration in the
diluted solution, wherein the diluted silver ion concentration is less than or equal to 15 grams per
liter, and wherein the diluted citrate ion concentration is at least 30 times the diluted silver ion

concentration by weight.

20. The method as claimed in claim 16, 17 or 19 wherein the diluted solution consists

essentially of the water, the hydrogen ions, the citrate ions and the silver citrate complexes.
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