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METHOD OF MEASURING BENZIMIDAZOLE-BASED COMPOUNDS IN
WATER

BACKGROUND

1. Field of the Invention

[0001] The present disclosure generally relates to methods of measuring
benzimidazole based corrosion inhibitors in cooling water.

2. Description of the Related Art

[0002] Fluorometric spectroscopy concerns detection of fluorescent light
emitted by a sample of interest. It involves using a beam of light, usually
ultraviolet (UV) light, that excites the electrons in molecules of certain
compounds in the sample and causes them to emit light of a lower energy.
This lower energy light is typically, but not necessarily, visible light. This
technique is popular in biochemical and medical applications, such as
confocal microscopy, fluorescence resonance energy transfer and
fluorescence lifetime imaging. Molecular fluorescence spectroscopy
instrumentation generally consists of a source of excitation radiant energy, an
excitation wavelength selector, a sample cell to contain the analyte material,
an emission wavelength selector, a detector with signal processor and a
readout device.

[0003] There are several types of fluorometers for measuring fluorescence.
Filter fluorometers use optical filters to isolate the incident light and
fluorescent light. Spectrofluorometers use diffraction grating monochromators
to isolate the incident light and fluorescent light. In these devices, the
spectrum consists of the intensity of emitted light as a function of the
wavelength of either the incident light (excitation spectrum) or the emitted
light, or both.

BRIEF SUMMARY
[0004] [In some embodiments, a method of determining corrosion inhibitor
concentration in water is disclosed. The method can include withdrawing a

sample of water from an aqueous system, the sample of water comprising a
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benzimidazole-based compound. The method can include adding an acid to
the sample of water; exposing the sample of water to light energy of a
selected excitation wavelength; measuring an intensity of emitted light about a
selected fluorescence emission wavelength; comparing the intensity of the
emitted light to a standard curve, the standard curve comprising a plot of
fluorescence emission intensity of the benzimidazole-based compound versus
concentration of the benzimidazole-based compound; and determining the
concentration of the benzimidazole-based compound in the sample of water
from the standard curve.

[0005] In some embodiments, the method can include diluting the sample
of water by adding water to the sample of water.

[0006] In some embodiments, the sample of water is diluted by about 10
times.

[0007] In some embodiments, the aqueous system is a cooling water
system and the sample of water is a sample of cooling tower water.

[0008] In some embodiments, the sample of water can include hard water.
[0009] In some embodiments, the sample of water can include about 25
ppm to about 400 ppm of calcium and about 25 ppm to about 400 ppm of
magnesium.

[0010] In some embodiments, the benzimidazole-based compound is of

formula (1) or a salt thereof,

R4 R
/
RS N
/>—‘—X
R6 N
R’ (1

where R' is halo, hydrogen, deuterium, hydroxyl, carbonyl, substituted or
unsubstituted C1-C1s alkyl, substituted or unsubstituted Cs-Cs aryl, substituted
or unsubstituted C2-C1s alkenyl, substituted or unsubstituted C2-C1s alkynyl,

substituted or unsubstituted C4-Cs heteroaryl, or substituted or unsubstituted

2



WO 2019/168731 PCT/US2019/018889

C3-Cs cycloalkyl; X is hydrogen, CR2R3Y, or NR?R®Y; Y is hydroxyl, halo, oxo,
substituted or unsubstituted C1-C1e alkoxy, thiol, alkylthio, amino, hydrogen, or
aminoalkyl; R? and R?® are each independently selected from the group
consisting of: hydrogen, halo, hydroxyl, substituted or unsubstituted C4-Ce
aryl, substituted or unsubstituted Cs-Cs heteroaryl, carbonyl, substituted or
unsubstituted C2-C1s alkenyl, substituted or unsubstituted C2-C1s alkynyl,
substituted or unsubstituted Cs-Cs cycloalkyl, and substituted or unsubstituted
C1-C1s alkyl; and R*, R5, R®, and R” are each independently selected from the
group consisting of: hydrogen, halo, amino, cyano, substituted or
unsubstituted C1-C1s alkoxy, hydroxyl, thiol, carbonyl, nitro, phosphoryl,
phosphonyl, sulfonyl, substituted or unsubstituted C1-C1e alkyl, substituted or
unsubstituted C4-Cs aryl, substituted or unsubstituted C2-C1s alkenyl,
substituted or unsubstituted C2-C1s alkynyl, substituted or unsubstituted C4-Cs
heteroaryl, and substituted or unsubstituted Cs-Cs cycloalkyl.

[0011] In some embodiments, the benzimidazole-based compound is of

formula (11) or salt thereof,

R4 R1
R z..._z
<\ a
R6 Z—7Z
R7

(1)
where R' is hydrogen, a substituted or unsubstituted C1-C1s alkyl group, or a
substituted or unsubstituted C4-Cs aryl group; R® is a bond or CHR?; R% is
hydrogen, halo, NR'°R'" or OR'?; wherein R'? and R'! are each
independently selected from the group consisting of: hydrogen, a substituted
or unsubstituted C1-C12 alkyl group, and a substituted or unsubstituted C4-Cs
aryl group; and Z is independently nitrogen, CR*, or N*RC.
[0012] In some embodiments, Z is CR* and R* is hydrogen.
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[0013] [n some embodiments, the benzimidazole-based compound is

selected from the group consisting of:

() O
N OH and N OH .

[0014] In some embodiments, the acid is a mineral acid, an organic acid,
or any combination thereof.

[0015] In some embodiments, the acid is hydrochloric acid, formic acid,
phosphoric acid, nitric acid, sulfuric acid, acetic acid, propionic acid, oxalic
acid, lactic acid, citric acid, or any combination thereof.

[0016] In some embodiments, the selected excitation wavelength is from
about 200 nm to about 400 nm.

[0017] In some embodiments, the selected fluorescence emission
wavelength is from about 300 nm to about 500 nm.

[0018] In some embodiments, the method can includes protonating the
benzimidazole-based compound.

[0019] In some embodiments, the sample of water has a pH of about 1 to
about 5 after adding the acid.

[0020] In some embodiments, the acid is added to the sample of water in
an amount of about 0.001% by weight to about 10% by weight.

[0021] In some embodiments, the addition of the acid decreases a
fluorescence intensity of an emission band at 300 nm and increases a
fluorescence intensity of an emission band at 370 nm for the benzimidazole-
based compound.

[0022] In other embodiments, a method of controlling the concentration of
a corrosion inhibitor in an aqueous system is disclosed. The method can
include determining the concentration of the benzimidazole-based compound

in the sample of water; and adding the benzimidazole-based compound to the
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aqueous system if the concentration of the benzimidazole-based compound in
the sample of water is below a predetermined level.

[0023] In some embodiments, the.predetermined level is from about 0.05
ppm to about 20 ppm.

[0024] In some embodiments, the aqueous system can include an
oxidizing biocide.

[0025] The foregoing has outlined rather broadly the features and technical
advantages of the present disclosure in order that the detailed description that
follows may be better understood. Additional features and advantages of the
disclosure will be described hereinafter that form the subject of the claims of
this application. It should be appreciated by those skilled in the art that the
conception and the specific embodiments disclosed may be readily utilized as
a basis for modifying or designing other embodiments for carrying out the
same purposes of the present disclosure. It should also be realized by those
skilled in the art that such equivalent embodiments do not depart from the

spirit and scope of the disclosure as set forth in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] A detailed description of the invention is hereafter described with
specific reference being made to the drawings in which:

[0027] FIG. 1A shows the emission profile for a benzimidazole-based
compound in Milli Q water and formic acid;

[0028] FIG. 1B shows the emission profile for the benzimidazole-based
compound in Milli Q water and a different concentration of formic acid;

[0029] FIG. 2 shows the effects of formic acid on the fluorescence intensity
of the benzimidazole-based compound,;

[0030] FIG. 3 shows the effects of hard water on 2 ppm of the
benzimidazole-based compound; and

[0031] FIG. 4 shows the effects of acidification by formic acid, phosphoric
acid, and hydrochloric acid on the fluorescence intensity of the benzimidazole-

based compound.



WO 2019/168731 PCT/US2019/018889

DETAILED DESCRIPTION

[0032] Various embodiments are described below. The relationship and
functioning of the various elements of the embodiments may better be
understood by reference to the following detailed description. However,
embodiments are not limited to those illustrated below. In certain instances,
details may have been omitted that are not necessary for an understanding of
embodiments disclosed herein.

[0033] In some embodiments, a method of determining corrosion inhibitor
concentration in water is disclosed. The method may include withdrawing a
sample of water from an aqueous system. The sample of water may contain a
benzimidazole-based compound. The method may include adding an acid to
the sample of water; exposing the sample of water to light energy of a
selected excitation wavelength; measuring an intensity of emitted light about a
selected fluorescence emission wavelength; and comparing the intensity of
the emitted light to a standard curve. The standard curve can be a plot of
fluorescence emission intensity of the benzimidazole-based compound versus
concentration of the benzimidazole-based compound. The method may
include determining the concentration of the benzimidazole-based compound
in the sample of water from the standard curve.

[0034] In some embodiments, the method may include diluting the sample
of water by adding water to the sample of water. In some embodiments, the
sample of water is diluted by adding a liquid consisting of water to the sample
of water. The sample of water can be diluted before or after the acid is added.
When water is added to the sample of water after adding the acid, the sample
of water is diluted before exposing the sample of water to light energy of a
selected wavelength. In some embodiments, the sample of water is diluted by
about 10 times. In some embodiments, the sample of water is diluted by about
10 times to about 20 times. In some embodiments, the sample of water is
diluted by about 11 times, about 12 times, about 13 times, about 14 times,
about 15 times, about 16 times, about 17 times, about 18 times, or about 19

times.
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[0035] Diluting the sample of water is especially advantageous when the
sample of water includes hard water or any other substances which can
interfere in fluorescence assay such as any other substances with
fluorescence properties. Hard water and many other cooling water substances
can interfere with the fluorescence measurements of the benzimidazole-
based compound leading to inaccurate conclusions of the compound
concentration. Hard water, as used herein, refers to water having moderate to
high mineral content of about 60 ppm to about 7000 ppm. In some
embodiments, the sample of water may include about 25 ppm to about 400
ppm of calcium and about 25 ppm to about 400 ppm of magnesium. Other
substances may include any other organic molecules with fluorescence
properties either in free form or tagged on other substances.

[0036] Cooling water typically contains elevated levels of calcium,
magnesium, copper, iron, free chlorine, turbidity, and many other parameters
which can interfere in fluorometric assay. A high concentration of these ions
can quench fluorescence and reduce the specificity of assay. The methods of
the present disclosure are especially suited for determining benzimidazole
concentration in cooling water. In some embodiments, the aqueous system is
a cooling water system and the sample of water is a sample of cooling tower
water. The cooling water can contain copper (up to about 5ppm), iron (up to
about 5ppm), calcium (up to about 50 ppm), magnesium (up to about 50
ppm), free chlorine (up to about 5ppm), and have a turbidity of up to about
100 NTU.

[0037] The benzimidazole-based compound can be a compound of

formula (l) or salt thereof or a compound of formula (Il) or salt thereof,

R4

R* R 5 /R1
RS N/ R N>7R8 ‘<Z=Z\Z
R® N/>—X R N/ \Z_Z//
R7

R’ U ()



WO 2019/168731 PCT/US2019/018889

where R is halo, hydrogen, deuterium, hydroxyl, carbonyl, substituted or
unsubstituted C1-C1s alkyl, substituted or unsubstituted Cs-Cs aryl, substituted
or unsubstituted C2-C1s alkenyl, substituted or unsubstituted C2-C1s alkynyl,
substituted or unsubstituted C4-Cs heteroaryl, or substituted or unsubstituted
Cs-Cs cycloalkyl.

[0038] "Alkoxy" refers to a moiety of the formula RO-, where R is alkyl,
alkenyl, or alkynyl.

[0039] “Alkyl” refers to a straight-chain or branched alkyl substituent.
Examples of such substituents include methyl, ethyl, propyl, isopropyl, n-butyl,
sec-butyl, isobutyl, tert-butyl, pentyl, isoamyl, hexyl, and the like.

[0040] "Alkylthio" refers to a moiety of the formula RS-, where R is alkyl,
aryl, alkenyl, or alkynyl.

[0041]  “Aryl”" refers to an unsubstituted or substituted aromatic carbocyclic
substituent, as commonly understood in the art, and the term "Ces-C10 aryl"
includes phenyl and naphthyl. It is understood that the term aryl applies to
cyclic substituents that are planar and comprise 4n+2n electrons, according to
Huckel's Rule.

[0042] "Carbony!" refers to a substituent comprising a carbon double
bonded to an oxygen. Examples of such substituents include aldehydes,
ketones, carboxylic acids, esters, amides, and carbamates.

[0043] “Cycloalky!” refers to a cyclic alkyl substituent containing from, for
example, about 3 to about 8 carbon atoms, preferably from about 4 to about 7
carbon atoms, and more preferably from about 4 to about 6 carbon atoms.
Examples of such substituents include cyclopropyl, cyclobutyl, cyclopentyl,
cyclohexyl, cycloheptyl, cyclooctyl, and the like. The cyclic alkyl groups may
be unsubstituted or further substituted with alkyl groups, such as methyl
groups, ethyl groups, and the like.

[0044] “Halo” refers to a fluoro group, chloro group, bromo group, or iodo
group.

[0045] “Heteroaryl” refers to a monocyclic or bicyclic 5-or 6-membered ring

system, wherein the heteroaryl group is unsaturated and satisfies Huckel's
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rule. Non-limiting examples of heteroaryl groups include furanyl, thiophenyl,
pyrrolyl, pyrazolyl, imidazolyl, 1,2,3-triazolyl, 1,2,4-triazolyl, isoxazolyl,
oxazolyl, isothiazolyl, thiazolyl, 1,3,4-oxadiazol-2-yl, 1,2,4-oxadiazol-2-yl, 5-
methyl-1,3,4-oxadiazole, 3-methyl-1,2,4-oxadiazole, pyridinyl, pyrimidinyl,
pyrazinyl, triazinyl, benzofuranyl, benzothiophenyl, indolyl, quinolinyl,
isoquinolinyl, benzimidazolyl, benzoxazolinyl, benzothiazolinyl, quinazolinyl,
and the like.

[0046] “Oxidizing Halogen” refers to a form of the halogen capable of
performing oxidizing reactions in aqueous systems.

[0047] "Oxo" refers to an oxygen atom double-bonded to a carbon atom.
[0048] Compounds of the present disclosure may be substituted with
suitable substituents. The term “suitable substituent,” as used herein, is
intended to mean a chemically acceptable functional group, preferably a
moiety that does not negate the activity of the compounds. Such suitable
substituents include, but are not limited to, halo groups, perfluoroalkyl groups,
perfluoro-alkoxy groups, alkyl groups, alkenyl groups, alkynyl groups, hydroxy
groups, oxo groups, mercapto groups, alkylthio groups, alkoxy groups, aryl or
heteroaryl groups, aryloxy or heteroaryloxy groups, aralkyl or heteroaralkyl
groups, aralkoxy or heteroaralkoxy groups, HO-(C=0)- groups, heterocylic
groups, cycloalkyl groups, amino groups, alkyl- and dialkylamino groups,
carbamoyl groups, alkylcarbony! groups, alkoxycarbonyl groups,
alkylaminocarbonyl groups, dialkylamino carbonyl groups, arylcarbonyl
groups, aryloxy-carbonyl groups, alkylsulfonyl groups, and arylsulfonyl
groups. In some embodiments, suitable substituents may include halogen, an
unsubstituted C1-C12 alkyl group, an unsubstituted C4-Ce aryl group, or an
unsubstituted C1-C1o alkoxy group. Those skilled in the art will appreciate that
many substituents can be substituted by additional substituents.

[0049] In some embodiments, R' is hydrogen, a substituted or
unsubstituted C1-C1s alkyl group, or a substituted or unsubstituted Cs-Cs aryl
group.

[0050] In some embodiments, R is hydrogen.



WO 2019/168731 PCT/US2019/018889

[0051] In some embodiments, R? and R? are each independently selected
from the group consisting of: hydrogen, halo, hydroxyl, substituted or
unsubstituted Cs-Cs aryl, substituted or unsubstituted C4-Ce heteroaryl,
carbonyl, substituted or unsubstituted C2-C1s alkenyl, substituted or
unsubstituted C2-C1s alkynyl, substituted or unsubstituted Cs-Cs cycloalkyl,
and substituted or unsubstituted C1-C1s alkyl. In some embodiments, R? and
R3 are each independently selected from the group consisting of: hydrogen,
halo, hydroxyl, substituted or unsubstituted C4-Cs aryl, substituted or
unsubstituted C4-Cs heteroaryl, carbonyl, and substituted or unsubstituted Ci1-
Cis alkyl. In some embodiments, R? and R® are each independently selected
from the group consisting of: hydrogen and substituted or unsubstituted C4-Ce
aryl. In some embodiments, R? is substituted or unsubstituted C4-Cs aryl, and
R? is hydrogen.

[0052] In some embodiments, the benzimidazole-based compound can be

a compound of formula (lll) or any salt thereof.

R4
5 H
R N
R6 N OH
R7 (1)

[0053] In some embodiments, R R5 RS, and R” are each independently
selected from the group consisting of: hydrogen, halo, amino, aminoalkyl,
cyano, substituted or unsubstituted C1-C1e alkoxy, hydroxyl, thiol, carbonyl,
nitro, phosphoryl, phosphonyl, sulfonyl, substituted or unsubstituted C1-C1s
alkyl, substituted or unsubstituted C4-Cs aryl, substituted or unsubstituted Co-
C1e alkenyl, substituted or unsubstituted C2-C1e alkynyl, substituted or
unsubstituted C4-Cs heteroaryl, and substituted or unsubstituted C3-Cs
cycloalkyl. In some embodiments, at least one of R4 R®, R8 and R" is

hydrogen. In some embodiments, R4, R%, and R” are each hydrogen. In some
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embodiments, R* is hydrogen. In some embodiments, R® is hydrogen. In
some embodiments, R® is hydrogen. In some embodiments, R is hydrogen.
[0054] In some embodiments, R® is substituted or unsubstituted C1-C1s
alkyl and R4, R5, and R” are each hydrogen. In some embodiments, R® is
methyl and R4, R8, and R” are each hydrogen. In some embodiments, R® is
halo and R4, R%, and R” are each hydrogen. In some embodiments, R® is
chloro and R4, R%, and R7 are each hydrogen. In some embodiments, R® is
substituted or unsubstituted C1-C1s alkyl; R® is halo; and R* and R7 are each
hydrogen. In some embodiments, R® is methyl; R® is bromo; and R* and R’
are each hydrogen. In some embodiments, R* R%, R®, and R are each
hydrogen. Preferably, R4, R®, R®, and R’ are each hydrogen or at least one of
R4, R®, RS, and R7 is substituted or unsubstituted C+-C1s alkyl and the
remaining substituents are hydrogen.

[0055] In some embodiments, R® is a bond or CHR®. In some
embodiments, R8 is a bond. In some embodiments, R® is CHR®. R® can be
hydrogen, halo, NR'°R!!, or OR', In some embodiments, R'® and R are
each independently selected from the group consisting of: hydrogen, a
substituted or unsubstituted C1-C12 alkyl group, and a substituted or
unsubstituted Cs-Cs aryl group. In some embodiments, R® is CHR®, R is
OR", and R10 s hydrogen.

[0056] In some embodiments, X is hydrogen, CR2R®Y, or NR?R3Y. In some
embodiments, X is hydrogen. In some embodiments, X is CR?R3Y. In some
embodiments, X is NR2R3Y.

[0057] In some embodiments, X is hydrogen and R*, R% R®, and R” are
each hydrogen. In some embodiments, X is CR?R3Y; Y is hydroxyl; and RZis
a substituted or unsubstituted Cs-Cs aryl.

[0058] In some embodiments, Y is hydroxyl, halo, oxo, substituted or
unsubstituted C1-C1e alkoxy, thiol, alkylthio, amino, hydrogen, or aminoalkyl.
In some embodiments, Y is hydroxyl.

[0059] In some embodiments, Z is independently nitrogen, CR*, or N*R°,

In some embodiments, Z is CR*. In some embodiments, one Z is nitrogen and

11
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the rest are CR4. In some embodiments, at least two Z atoms are nitrogen and
the rest are CR4. In some embodiments, Z is CR* and R* is hydrogen. In
some embodiments, R8 is a bond and at least one Z is nitrogen.

[0060] In some embodiments, the compound or salt thereof of formula (1)
HO

ZT

or formula (ll} is

[0061] In some embodiments, the compound or salt thereof of formula (1)
HO

ZT

or formula (Il) is Cl

[0062] In some embodiments, the compound or salt thereof of formula (1)
HO

ZT

or formula (Il) is

12
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[0063] In some embodiments, the compound or salt thereof of formula (1)
HO

ZT

Cl

or formula (ll) is Cl

[0064] In some embodiments, the compound or salt thereof of formula (1)
HO

pdun

or formula (Il) is Br

[0065] In some embodiments, the compound or salt thereof of formula (1)
HO

ZT

or formula (II) is Cl

[0066] In some embodiments, the compound or salt thereof of formula (1)
7 N

AN

ZT

or formula (Il) is

13
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[0067] In some embodiments, the compound or salt thereof of formula (1)

or formula () is
[0068] In some embodiments, the compound or salt thereof of formula (1)

or formula (ll) is

[0069] In some embodiments, the compound or salt thereof of formula (1)

/

or formula (I1) is

[0070] In some embodiments, the compound or salt thereof of formula (1)

or formula (Il) is N

14
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[0071] In some embodiments, the compound or salt thereof of formula (i)

N
or formula (Il) is N/
[0072] In certain embodiments, the salt of the compound of formula (l) may
be any salt, such as a chloride salt, bromide salt, iodide salt, sulfate salt,
fluoride salt, perchlorate salt, acetate salt, trifluoroacetate salt, phosphate salt,
nitrate salt, carbonate salt, bicarbonate salt, formate salt, chlorate salt,
bromated salt, chlorite salt, thiosulfate salt, oxalate salt, cyanide salt, cyanate
salt, tetrafluoroborate salt, and the like. In some embodiments, salt of the
compound of formula (1)-(1ll) may be a hydrochloride or sulfate salt. The salt
form of the compounds can include N-protonated benzimidazole-based
compounds with any suitable counter ion.
[0073] The acid added to the sample of water can be any acid. The acid
can be a mineral acid or an organic acid. For example, the acid can be, but is
not limited to, hydrochloric acid, nitric acid, formic acid, sulfuric acid, acetic
acid, propionic acid, oxalic acid, lactic acid, phosphoric acid, or any
combination thereof. In some embodiments, the acid can be hydrochloric acid,
formic acid, or phosphoric acid. In some embodiments, the acid can be formic
acid. In some embodiments, an acidic solution can be added to the sample of
water, the acidic solution can include any acid and water. The acidic solution
can consist of any acid and water.
[0074] The amount of acid added to the sample of water is sufficient to
protonate a nitrogen atom in the benzimidazole ring. In some embodiments,
the acid is added to the sample of water in an amount of about 0.01% by
weight to about 2% by weight. In some embodiments, the acid is added to the
sample of water in an amount of about 0.01% by weight to about 2% by
weight. After adding the acid, the sample of water can have a pH of about 1 to
about 5.
[0075] In other embodiments, a method of controlling the concentration of

a corrosion inhibitor in an aqueous system is provided. The method can
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include determining the concentration of the benzimidazole-based compound
in the sample of water. The step of determining the concentration of the
benzimidazole-based compound can include withdrawing a sample of water
from an agueous system; adding an acid to the sample of water; exposing the
sample of water to light energy of a selected excitation wavelength;
measuring an intensity of emitted light about a selected fluorescence emission
wavelength; and comparing the intensity of the emitted light to a standard
curve. The standard curve can be a plot of fluorescence emission intensity of
the concentration of the benzimidazole-based compound versus
concentration of the concentration of the benzimidazole-based compound.
Finally, the method can include adding the benzimidazole to the aqueous
system if the benzimidazole concentration in the sample of water is below a
predetermined level.

[0076] The predetermined level can be from about 0.05 ppm to about 20
ppm. In some embodiments, the predetermined level can be from about 0.1
ppm to about 5 ppm. While the compounds of formula (I)-(lll) can be added to
an aqueous system at any dosage rate, the compounds of formula (I)-(lll) are
generally added to an aqueous system at a dosage rate of from about 0.01
ppm to about 500 ppm. In certain embodiments, a compound of formula (1)-
(1) is added to an aqueous system at a dosage rate of from about 0.01 ppm
to about 100 ppm. In certain embodiments, a compound of formula (1)-(Ill) is
added to an aqueous system at a dosage rate of from about 0.01 ppm to
about 100 ppm, from about 0.01 ppm to about 75 ppm, from about 0.01 ppm
to about 50 ppm, from about 0.01 ppm to about 25 ppm, from about 0.01 ppm
to about 10 ppm, from about 0.01 ppm to about 5 ppm, from about 0.1 ppm to
about 100 ppm, from about 0.1 ppm to about 75 ppm, from about 0.1 ppm to
about 50 ppm, from about 0.1 ppm to about 25 ppm, from about 0.1 ppm to
about 10 ppm, from about 0.1 ppm to about 5 ppm, from about 1 ppm to about
100 ppm, from about 1 ppm to about 75 ppm, from about 1 ppm to about 50
ppm, from about 1 ppm to about 25 ppm, from about 1 ppm to about 10 ppm,
from about 5 ppm to about 100 ppm, from about 10 ppm to about100 ppm,
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from about 25 ppm to about 100 ppm, from about 50 ppm to about 100 ppm,
or from about 80 ppm to about 100 ppm.

[0077] In some embodiments, the concentration of the compound or salt
thereof of formula (1)-(111) in the composition may range from about 1 wt% to
about 50 wt%, about 5 wt% to about 50 wt%, about 10 wt% to about 50 wt%,
about 15 wt% to about 50 wt%, about 20 wt% to about 50 wt%, about 20 wt%
to about 45 wt%, about 25 wt% to about 45 wt%, or about 25 wt% to about 40
wt%. In some embodiments, the composition may include water.

[0078] One of skill in the art will appreciate that the dosage of
concentration of the benzimidazole-based compound may be outside the
disclosed ranges depending on the conditions of the aqueous system and the
desired corrosion rate.

[0079] In some embodiments, the methods disclosed herein may include
measuring a corrosion rate of a metal surface in the aqueous system.
Methods of measuring corrosion rates of metal surfaces are well known in the
art, and one of ordinary skill in the art would be able to select the appropriate
method.

[0080] The predetermined corrosion rate may be about 0.2 mpy or less. In
certain embodiments, the predetermined corrosion rate is about 0.1 mpy or
less, about 0.05 mpy or less, about 0.04 mpy or less, about 0.03 mpy or less,
about 0.02 mpy or less, about 0.01 mpy or less, about 0.005 mpy or less, or
about 0.002 mpy or less.

[0081] In some embodiments, the aqueous system is an industrial water
system. "Industrial water system" means any system that circulates or utilizes
water as its primary ingredient. Non-limiting examples of "industrial water
systems" include cooling systems, boiler systems, heating systems,
membrane systems, papermaking systems, or any other systems that
circulate or utilize water.

[0082] In certain embodiments, the aqueous system is a cooling water
system. The cooling water system can be a closed loop cooling water system

or an open loop cooling water system.
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[0083] In some embodiments, the aqueous system may include an
oxidizing biocide. In some embodiments, the aqueous system can be
chlorinated, brominated, or iodated. In some embodiments, the aqueous
system can be chlorinated. An advantage of the disclosed compositions and
methods is that compounds of formula (I)-(l1l) generally provide corrosion
protection for metal surfaces in the presence of oxidizing halogens. In certain
embodiments, a compound of formula (1)-(lll) is added to an aqueous system
in contact with a metal surface and provides corrosion protection for metal
surface in the presence of any oxidizing halogen compound. In certain
embodiments, a compound of formula (I)-(lll) inhibits metal corrosion in the
presence of oxidizing halogen compounds including, but not limited to,
hypochlorite bleach, chlorine, bromine, hypochlorite, hypobromite, chlorine
dioxide, iodine/hypoiodous acid, hypobromous acid, halogenated hydantoins,
stabilized versions of hypochlorous or hypobromous acids, or combinations
thereof. While not wishing to be bound by any particular theory, it is
postulated that the relatively large number of heteroatoms of the compounds
of formula (I)-(Ill) provide a greater number of sites for bonding to metal
surfaces and metal ions, which can provide enhanced corrosion inhibition as
compared to many existing corrosion inhibitors. In addition, it is postulated
that the compounds of formula (I)-(ill) form stable films because the
compounds can form a 1,2-chelation complex with metal.

[0084] In certain embodiments, a compound of formula (1)-(l1l) inhibits
metal corrosion when added to an aqueous system comprising a non-
halogen-containing oxidizing biocide including, but not limited to, peroxides
(e.g., hydrogen peroxide), ozone, persulfates, permanganates, and peracetic
acids.

[0085] The methods and the compositions of the present disclosure may
provide corrosion protection for any metal or metal alloy including, but not
limited to, copper, iron, silver, steel (e.g., galvanized steel), zinc alloy, and
aluminum. In certain embodiments, the compositions disclosed herein may be

added to an aqueous system in contact with a metal surface comprising
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copper to inhibit metal corrosion. in certain embodiments, the compositions
disclosed herein may be added to an aqueous system in contact with a metal
surface comprising a copper alloy to inhibit metal corrosion. In certain
embodiments, copper complexes with one or more heteroatoms in a
compound of formula (1)-(lll). In certain embodiments, copper complexes with
one or more heteroatoms in a compound of formula (1)-(I11). Copper has a
wide-range of applications, including use as copper piping and tubing in
plumbing and industrial machinery. Copper and copper alloys are well known
for their use in cooling water and boiler water systems. In some embodiments,
the metal surface may include copper.

[0086] The compositions and methods disclosed herein can be used to
protect any copper alloy, including bronze and brass. Bronze commonly
comprises copper and tin, but may comprise other elements including
aluminum, manganese, silicon, arsenic, and phosphorus. Brass comprises
copper and zinc, and is commonly used in piping in water boiler systems. In
certain embodiments, any of the compositions disclosed herein is added to an
aqueous system in contact with a metal surface comprising bronze to inhibit
metal corrosion. In certain embodiments, any of the compositions disclosed
herein is added to an aqueous system in contact with a metal surface
comprising brass, for example admiralty brass, to inhibit metal corrosion. In
certain embodiments, any of the compositions disclosed herein is added to an
aqueous system in contact with a metal surface comprising a copper-nickel
alloy to inhibit metal corrosion.

[0087] In certain embodiments, the methods and compositions disclosed
herein inhibit the corrosion of mild steel. In certain embodiments, the methods
and compositions disclosed herein inhibit the corrosion of metal alloys
including, but not limited to, galvanized steel, stainless steel, cast iron, nickel,
and combinations thereof. While not wishing to be bound by any particular
theory, it is postulated that the compounds of formula (1)-(Ill) inactivate Cu (Il)

in solution, preventing the occurrence of galvanic cells on the steel surface.
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[0088] In some embodiments, the sample of water can include a
fluorescent organic compound having an excitation and emission peaks that
do not substantially overlap with the benzimidazole-based compound. In
certain embodiments, the fluorescent organic compound may be selected
from Rhodamine or derivatives thereof, an acridine dye, fluorescein or
derivatives thereof, and combinations thereof. The fluorescent organic
compound can be a fluorescent tagged polymer.

[0089] Those skilled in the art will appreciate that a compound of formula
(-1 can be added to an aqueous system alone or in combination with other
corrosion inhibitors or treatment chemicals. Multiple corrosion inhibitors can
be dosed as a combined corrosion inhibitor formulation or each corrosion
inhibitor can be added separately, including two or more compounds of
formula (1)-(l1l). Moreover, a compound of formula (I)-(Ill) can be added to an
aqueous system in combination with a variety of additional corrosion inhibitors
including, but not limited to, triazoles, benzotriazoles (e.g., benzotriazole or
tolyltriazole), benzimidazoles, orthophosphate, polyphosphates,
phosphonates, molybdates, silicates, oximes, and nitrites. The compounds of
formulae (1) and (I1) also can be added to an agqueous system in combination
with a variety of additional additives, such as treatment polymers, anti-
microbial agents, anti-scaling agents, colorants, fillers, buffers, surfactants,
viscosity modifiers, chelating agents, dispersants, deodorants, masking
agents, oxygen scavengers, and indicator dyes.

[0090] The methods and compositions disclosed herein can be used to
determine the concentration of the benzimidazole-based compound and
provide improved control over inhibiting corrosion of metal in an aqueous
system. The aqueous system can have any pH.

[0091] Table 1 shows a selection of benzimidazole-based compounds that
can be detected using the methods disclosed herein and can inhibit corrosion

of metals in aqueous systems.

TABLE 1
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[0092] One of skill in the art will appreciate that any fluorometer with the
appropriate excitation wavelengths and emission filters can be used to
measure concentration of the benzimidazole-based compound in the water.
For example, the concentration can be measured with any of the fluorometers
described in U.S. Patent Nos. 9,618,450; 9,557,270; 8,373,140, 8,352,207,
and 8,248,611, which are each incorporated by reference into the present

disclosure.
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[0093] In some embodiments, a fluorometer according to the disclosure
includes an optical sensor. The optical sensor can include a first optical
emitter configured to emit light energy of a selected wavelength into a fluid
sample under analysis and a second optical emitter configured to emit light
energy to measure an amount of scattering in the fluid sample under analysis.
[0094] The optical sensor may also include at least one detector that
receives fluorescent light emitted from the fluid sample and/or light scattered
from the fluid sample. During operation, the detector can detect an amount of
fluorescent light emitted from the fluid sample under analysis and the
fluorometer can then determine, based on the fluorescent light, a
concentration of a fluorescing species in the fluid sample.

[0095] Optical sensors are used in a variety of applications, including
monitoring industrial processes. An optical sensor can be implemented as a
portable, hand-held device that is used to periodically analyze the optical
characteristics of a fluid in an industrial process. Alternatively, an optical
sensor can be installed online to continuously analyze the optical
characteristics of a fluid in an industrial process. In either case, the optical
sensor may optically analyze the sample of water and determine different
characteristics of the fluid, such as the concentration of one or more chemical
species in the fluid.

[0096] While the optical sensor can have a variety of different
configurations, in some examples, the optical sensor is designed to have a
single optical lens through which light is emitted into a fluid sample and also
received from the fluid sample. The optical sensor may include a housing that
contains various electronic components of the sensor and also has optical
pathways to control light movement to and from the single optical lens.

[0097] The optical sensor may include an optical detector that is positioned
and configured to measure fluorescent emissions emitted by the fluid sample.
In some configurations, a single optical detector can be used to measure both
scattering and fluorescence from a sample and can receive both scattered

and fluoresced light via a single optical pathway in the sensor.
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[0098]  Although the wavelengths can vary, in some examples, the first
optical emitter is configured to emit light energy of a wavelength ranging from
approximately 200 nm to about 400 nm. The selected excitation wavelength
can be from about 230 nm to about 290 nm. In some embodiments, the
selected excitation wavelength can be about 280 nm.

[0099] To detect light emanating from the sample of water under analysis
(e.g., fluorescent emissions, light scattering), the optical sensor includes an
optical detector. The optical detector is optically connected to optical pathway
and may receive at least a portion of the fluorescent emission beam and the
scattered light beam transmitted through the optical window from the sample
of water under analysis. Upon the entering housing, the received portions of
the fluorescent emission beam and scattered light beam may be directed to
the optical detector via the optical pathway for measurement and/or analysis.
[00100] The fluorometer can include a light source, such as a UV lamp.
The UV lamp may be a gas discharge lamp, a mercury lamp, a deuterium
lamp, a metal vapor lamp, a light emission diode or a plurality of light emission
diodes.

[00101] The selected fluorescence emission wavelength can be from about
300 nm to about 500 nm. In some embodiments, the selected fluorescence
emission wavelength can be about 360 nm. The sensor may also measure a
reference fluorescence emission of the sample at the first wavelength. The
sensor may also measure a fluorescence emission of a zero solution having
zero concentration of the benzimidazole-based compound. In that case, the
concentration of the chemical in the sample may be calculated based on the
calculated difference in the measured fluorescence emission of the sample
containing the benzimidazole-based compound and the measured
fluorescence emission of the zero solution. The concentration of the sample
may also be calculated based on a calibration constant determined for known
concentrations of the benzimidazole-based compound in a calibration sample.
[00102] For example, when using ultraviolet fluorometric sensing system

having a mercury lamp producing a UV radiation at about 280 nm, sample
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concentrations may be evaluated based upon the signals from two UV
detectors. A first detector (fluorescent detector) measures a fluorescent value
for the wavelength 360 nm+5 nm (range from 355 nm to 365 nm) and a
second detector (reference detector) measures an intensity of UV excitation at
a different wavelength.

[00103] EXAMPLES

[00104] Example 1

[00105] FIGS. 1A & B show the emission profile for a substituted
benzimidazole in Milli Q water and formic acid (FIG. 1A). The substituted
benzimidazole in the absence and the presence of formic acid shows two
distinct fluorescence intensity emission bands at 300 nm and 370 nm (FIG.
1B). At 330 nm, the isosbestic point was observed. The fluorometer
parameters for detection and quantification of the substituted benzimidazole
were as follows: excitation = 280 nm, emission = 360 nm, slit width = 5 nm,
and voltage = 950 V.

[00106] FIG. 2 shows the effects of formic acid on the fluorescence
intensity at different concentrations of the substituted benzimidazole. When
about 0.1% by weight of formic acid was added to the samples, a significant
increase in fluorescence was detected in the emission band range of 350 to
370 nm.

[00107] Example 2

[00108] To reduce the interference effects of hard water, a simple sample
preparation protocol was developed where samples were diluted to a
minimum of about 10 times using pure water. Dilution of the sample
decreased interference caused by cooling water components while
fluorescence intensity was high enough to quantify the substituted
benzimidazole. As the fluorescence intensity of the substituted benzimidazole
is strong (approx. 1 ppm = 107cps), it can be detected with good confidence
even on 10 times dilution of the sample.

[00109] Hardness solutions of two different concentrations (50 ppm Ca +
50 ppm Mg and 250 ppm Ca + 250 ppm Mg) were prepared and spiked with 2
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ppm of the substituted benzimidazole. Then solution was acidified with 0.1%
formic acid. Control solution (without hardness) containing 2 ppm of the
substituted benzimidazole and acidified with 0.1% by weight with formic acid
was also prepared. The fluorometer settings were the same as described in
Example 1. FIG. 3 shows the effects of hard water on 2 ppm of the substituted
benzimidazole. FIG. 3 also shows fluorescence intensity of the substituted
benzimidazole with and without sample dilution in presence of interferences
coming from cooling water.

[00110] It was observed that the samples containing Ca and Mg ions
reduced the recoveries of the substituted benzimidazole. However, when
these samples were diluted 10 times using 0.1% formic acid and then
measured on the fluorometer, good recoveries were obtained for the
substituted benzimidazole and the interference of Ca and Mg was reduced
significantly.

[00111] Example 3

[00112] Several different acids, including hydrochloric acid, formic acid,
and phosphoric acid, were studied for their effect on fluorescence intensity of
the substituted benzimidazole (FIG. 4). The percentages shown in FIG. 4 are
weight percentages. It was found that all of the studied acids showed about.
similar increased fluorescence intensity with increased concentration of formic
acid for the 370 nm emission band.

[00113] Compound structures and chemical nhames were prepared and
determined using ChemDraw Professional version 15.1.

[00114] Any composition disclosed herein may comprise, consist of, or
consist essentially of any of the compounds / components disclosed herein. In
accordance with the present disclosure, the phrases “consist essentially of,”
“consists essentially of,” “consisting essentially of,” and the like limit the scope
of a claim to the specified materials or steps and those materials or steps that
do not materially affect the basic and novel characteristic(s) of the claimed

invention.
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[00115] As used herein, the term "about" refers to the cited value being
within the errors arising from the standard deviation found in their respective
testing measurements, and if those errors cannot be determined, then "about"
refers to within 10% of the cited value.

[00116]  All of the compositions and methods disclosed and claimed herein
can be made and executed without undue experimentation in light of the
present disclosure. While this invention may be embodied in many different
forms, there are described in detail herein specific preferred embodiments of
the invention. The present disclosure is an exemplification of the principles of
the invention and is not intended to limit the invention to the particular
embodiments illustrated. In addition, unless expressly stated to the contrary,
use of the term “a” is intended to include “at least one” or “one or more.” For
example, “a compound” is intended to include “at least one compound” or
“one or more compounds.”

[00117] Any ranges given either in absolute terms or in approximate terms
are intended to encompass both, and any definitions used herein are intended
to be clarifying and not limiting. Notwithstanding that the numerical ranges
and parameters setting forth the broad scope of the invention are
approximations, the numerical values set forth in the specific examples are
reported as precisely as possible. Any numerical value, however, inherently
contains certain errors necessarily resulting from the standard deviation found
in their respective testing measurements. Moreover, all ranges disclosed
herein are to be understood to encompass any and all subranges (including
all fractional and whole values) subsumed therein.

[00118] Furthermore, the invention encompasses any and all possible
combinations of some or all of the various embodiments described herein. It
should also be understood that various changes and modifications to the
presently preferred embodiments described herein will be apparent to those
skilled in the art. Such changes and modifications can be made without

departing from the spirit and scope of the invention and without diminishing its
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intended advantages. It is therefore intended that such changes and

modifications be covered by the appended claims.
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-CLAIMS

What is claimed is:

1. A method of determining corrosion inhibitor concentration in water,
comprising:

withdrawing a sample of water from an aqueous system, the sample of
water comprising a benzimidazole-based compound;

adding an acid to the sample of water,

exposing the sample of water to light energy of a selected excitation
wavelength;

measuring an intensity of emitted light about a selected fluorescence
emission wavelength;

comparing the intensity of the emitted light to a standard curve, the
standard curve comprising a plot of fluorescence emission intensity of the
benzimidazole-based compound versus concentration of the benzimidazole-
based compound; and

determining the concentration of the benzimidazole-based compound

in the sample of water from the standard curve.

2. The method of claim 1, further comprising diluting the sample of water

by adding water to the sample of water.

3. The method of claim 2, wherein the sample of water is diluted by about
10 times.
4, The method of any one of claims 1-3, wherein the aqueous system is a

cooling water system and the sample of water is a sample of cooling tower

water.
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5. The method of any one of claims 1-4, wherein the sample of water

comprises hard water.

6. The method of any one of claims 1-5, wherein the sample of water
comprises about 25 ppm to about 400 ppm of calcium and about 25 ppm to

about 400 ppm of magnesium.

7. The method of any one of claims 1-6, wherein the benzimidazole-

based compound is of formula (I) or salt thereof,

- /

R’ )
where
R' is halo, hydrogen, deuterium, hydroxyl, carbonyl, substituted or
unsubstituted C1-C1s alkyl, substituted or unsubstituted Cs-Cs aryl, substituted
or unsubstituted C2-C1c alkenyl, substituted or unsubstituted C2-C1s alkynyl,
substituted or unsubstituted C4-Ce heteroaryl, or substituted or unsubstituted
Cs-Cs cycloalkyl;
X is hydrogen, CR?R3Y, or NR?R%Y;
Y is hydroxyl, halo, oxo, substituted or unsubstituted C1-C1s
alkoxy, thiol, alkylthio, amino, hydrogen, or aminoalkyl;
R2 and R?® are each independently selected from the group
consisting of: hydrogen, halo, hydroxyl, substituted or unsubstituted Ca-
Cs aryl, substituted or unsubstituted C4-Cs heteroaryl, carbonyl,
substituted or unsubstituted C2-C16 alkenyl, substituted or unsubstituted
C2-C1s alkynyl, substituted or unsubstituted C3-Cs cycloalkyl, and

substituted or unsubstituted C1-C1s alkyl; and
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R4, RS R®, and R’ are each independently selected from the group
consisting of: hydrogen, halo, amino, cyano, substituted or unsubstituted C1-
C1s alkoxy, hydroxyl, thiol, carbonyl, nitro, phosphoryl, phosphonyl, sulfonyl,
substituted or unsubstituted C1-C1s alkyl, substituted or unsubstituted C4-Ce
aryl, substituted or unsubstituted C2-C1s alkenyl, substituted or unsubstituted
C2-C1s alkynyl, substituted or unsubstituted Cs-Cs heteroaryl, and substituted

or unsubstituted Cs-Cs cycloalkyl.

8. The method of any one of claims 1-7, wherein the benzimidazole-

based compound is of formula (Il) or salt thereof,

R4 R1
R? z___..z
% " {\ Vi
R6 —7
R7

(I

where
R' is hydrogen, a substituted or unsubstituted C1-C1e alkyl group, or a
substituted or unsubstituted Cs-Cs aryl group;
R8 is a bond or CHR?;
R? is hydrogen, halo, NR'°R'!, or OR'?;
wherein R and R'! are each independently selected
from the group consisting of: hydrogen, a substituted or
unsubstituted C1-C12 alkyl group, and a substituted or
unsubstituted Cs-Cs aryl group; and
Z is independently nitrogen, CR#*, or N*R'0.

9. The method of claim 8, wherein Z is CR* and R* is hydrogen.
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10.  The method of any one of claims 1-9, wherein the benzimidazole-

based compound is selected from the group consisting of:

v, o
N OH and N OH ,

11.  The method of any one of claims 1-10, wherein the acid is a mineral

acid, an organic acid, or any combination thereof.

12.  The method of any one of claims 1-11, wherein the acid is hydrochloric
acid, formic acid, phosphoric acid, nitric acid, sulfuric acid, acetic acid,

propionic acid, oxalic acid, lactic acid, citric acid or any combination thereof.

13.  The method of any one of claims 1-12, wherein the selected excitation

wavelength is from about 200 nm to about 400 nm.

14.  The method of any one of claims 1-13, wherein the selected

fluorescence emission wavelength is from about 300 nm to about 500 nm.

15.  The method of any one of claims 1-14, further comprising protonating

the benzimidazole-based compound after adding the acid.

16.  The method of any one of claims 1-15, wherein the sample of water

has a pH of about 1 to about 5 after adding the acid.

17.  The method of any one of claims 1-16, wherein the acid is added to the
sample of water in an amount of about 0.001% by weight to about 10% by

weight.
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18.  The method of any one of claims 1-17, wherein the addition of the acid
decreases a fluorescence intensity of an emission band at 300 nm and
increases a fluorescence intensity of an emission band at 370 nm for the

benzimidazole-based compound.

19. A method of controlling the concentration of a corrosion inhibitor in an
aqueous system, comprising:

determining the concentration of the benzimidazole-based compound
in the sample of water according to any one of claims 1-18; and

adding the benzimidazole-based compound to the aqueous system if
the concentration of the benzimidazole-based compound in the sample of

water is below a predetermined level.

20.  The method of claim 19, wherein the predetermined level is from about
0.05 ppm to about 20 ppm.

21.  The method of any one of claims 19-20, wherein the aqueous system

comprises an oxidizing biocide.
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