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GUANIDINE COMPOUNDS FOR REMOVAL
OF OXYANIONS FROM AQUEOUS
SOLUTIONS AND FOR CARBON DIOXIDE
CAPTURE

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application claims benefit of U.S.
Provisional Application No. 62/422,138, filed on Nov. 15,

2016, U.S. Provisional Application No. 62/459,118, filed on
Feb. 15,2017, U.S. Provisional Application No. 61/422,142,
filed on Nov. 15, 2016, and U.S. Provisional Application No.
62/514,997, filed on Jun. 5, 2017, all of the contents of

which are incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under Prime Contract No. DE-AC05-000R22725 awarded
by the U.S. Department of Energy. The government has
certain rights 1n the imvention.

FIELD OF THE INVENTION

[0003] The present invention generally relates to compo-
sitions usetful for removing undesirable species from aque-
ous solutions or air, such as removal of sulfate from water
and carbon dioxide from air, and to methods for using such
materials 1n removing such species.

BACKGROUND OF THE INVENTION

[0004] Eflective separation of highly hydrophilic anions
(e.g., sulfate, selenate, chromate, phosphate) from competi-
tive aqueous solutions remains a major challenge, despite
the tremendous progress 1n anion receptor chemistry over
the past decade. In the particular case of sulfate, although a
significant number of sulfate-binding receptors have been
reported (e.g., I. Ravikumar et al., Chem. Soc. Rev., 41,
3077, 2012), they have shown limited success in the sub-
stantial removal of this anion from water. A significant
obstacle in the development of anion receptors 1s oiten the
multi-step synthesis required for their assembly, which gen-
crally involves tedious purifications and the use of toxic
reagents and solvents.

[0005] The removal of sulfate from seawater, 1n particular,
continues to be an ongoing challenge. Seawater contains
very high levels of sulfate (~3,000 mg/L), and seawater 1s
used on a large scale 1n o1l-field injection operations. During,
such operations, the sulfate 1n the seawater combines with
strontium and barium found in rock to form barium and
strontium sulfate scale. The precipitation of bartum and
strontium sulfates 1s highly detrimental to the process, such
as by clogging lines and destroying production wells. The
conventional technology for removing sulfate from seawater
1s by nanofiltration, which can reduce sulfate levels to about
50 mg/mL. However, some drawbacks to this approach are
the remaiming high sulfate levels, the need to pressurize the
system to 20-30 bars, which results 1n a sigmificant expen-
diture 1n energy, and membrane fouling. Other methods
involve scale-removing chemicals, but these are known to
be dificult to use and very expensive, and are not very
ellective against sulfate scales. Another technology, known
as the MD-LPP process, yields sulfate-iree seawater, but the
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process has the significant drawbacks of employing high
pressures, pre-concentrating the sea water, and use of
organic solvents.

[0006] An approach for aqueous anion separation that has
proven particularly effective i1s selective anion crystalliza-
tion with organic compounds functionalized with hydrogen
bonding groups (e.g., a) R. Custelcean, Curr. Opin. Solid
State Mater. Sci. 2009, 13, 68; b) R. Custelcean, Chem. Soc.
Rev. 2010, 39, 3673; ¢) R. Custelcean, Chem. Commun.
2013, 49, 2173). This approach combines elements of anion
receptor chemistry and crystal engineering, as 1t entails
recognition of the targeted anion through complementary
hydrogen bonding, and formation of stable crystals through
favorable packing. The challenge with anion crystallization
from water 1s to 1dentity anion-binding compounds that can
cllectively compete against the strong anion hydration, and
that are also able to selt-assemble with the anions of interest
into crystals with low aqueous solubility. In this respect, 1t
has recently been discovered that crystallization of sulfate,
in the form of extended [SO,(H,0).*"], clusters, with rigid
and planar bis-guanidintum compounds, can strike a favor-
able energetic balance that allows for the eflicient separation
of the highly hydrophilic sulfate anion from water (R.
Custelcean et al., Angew. Chem. Int. Ed. 54, 105235, 2015;
Angew. Chem. 127, 10671, 2015). In the foregoing proto-
type, the bis-guanidinium compound was synthesized 1n situ
by condensation of glyoxal with aminoguanidinium sulfate,
resulting 1n a sultate salt with low aqueous solubility (K, =3.
2x1077), comparable with that of SrSQO,. Although the
solubility of the foregoing bis-guanidinium sulfate salt 1s
much lower than many other organic sulfate salts, the
solubility remains unacceptably high, particularly for use 1n
oil-field 1njection operations involving competitive aqueous
solutions of high 1onic strength, such as seawater. There
would be a significant benefit 1n a straight-forward and
cost-eflicient process that could remove substantially all
sulfate from seawater without the use of pressure, nanofil-
tration, pre-concentration, and organic solvents.

SUMMARY OF THE INVENTION

[0007] In one aspect, the instant disclosure describes a
process for removing an oxyamon (e.g., sulfate) from a
aqueous source by contacting the aqueous source with
specialized bis-iminoguanidinium compounds that form a
highly msoluble salt of the oxyanion, thereby precipitating
a substantial amount or substantially all of the oxyanmion 1n
the water. A particularly special aspect of the specialized
bis-iminoguanidimum compounds described herein 1s the
presence ol a central ring-containing portion, such as a
benzene or pyridine ring. By removal of the oxyanion salt,
such as by filtration, the oxyanion from the water can be
casily removed. The bis-iminoguanidimum compounds
described herein can advantageously remove one or more
oxyanions, such as sulfate, nitrate, chromate, selenate, phos-
phate, arsenate, carbonate, or bicarbonate, selectively or
non-selectively while 1n the presence of other anmionic spe-
cies. The bis-immoguanidinium compounds described
herein can also advantageously be recycled and re-used in
the oxyanion removal process. The process described herein
1s advantageously straight-forward and cost-eflicient while
at the same time removing a substantial amount or substan-
tially all of the oxyanion from seawater or other aqueous
source without requiring pressure, nanofiltration, pre-con-
centration, and organic solvents. The process described
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herein operates by simple self-assembly of the compounds
and oxyanion, thereby circumventing the need for elaborate
syntheses of compounds that precipitate the oxyanion
directly without the aid of self-assembly.

[0008] In particular embodiments, the method for remov-
ing oxyanion from water involves the following steps: (1)
dissolving an oxyamion precipitating compound into the
aqueous source to result in precipitation of an oxyanion salt
of the oxyanion precipitating compound; and (1) removing
the oxyanion salt from said water containing the oxyanion to
result 1n water substantially reduced in concentration of the
oxyanion; wherein the oxyanion precipitating compound has
the following composition:

(la)

NIH,* *HLN
NHE% >‘—NH2
HN—N NH

\\— AJN_ X"

[0009] In the above Formula (1a), A 1s a ring-containing
moilety; X™~ 1s an anionic species with a magmtude of
charge m, where m 1s an integer of at least 1, provided that
X™ 15 an anionic species exchangeable with the oxyanion in
the aqueous source before the oxyanion precipitating com-
pound contacts the oxyanion i step (1), and X™ 1s the
oxyanion in the resulting oxyanion salt formed 1n step (1) and
as separated from the water 1n step (11). The subscript n 1s an
integer of at least 1, provided that nxm=2. Moreover, one or
more of the hydrogen atoms in Formula (1a), whether the
hydrogen atoms are shown or not shown, may be replaced
with one or more methyl groups, respectively.

[0010] In another aspect, the instant disclosure describes a
process for removing carbon dioxide from a gaseous source
by contacting the gaseous source with an aqueous solution
containing a specialized bis-iminoguanidine compound that
forms a highly msoluble salt of carbon dioxide 1n the form
of carbonate or bicarbonate. The bis-iminoguanidine com-
pounds described herein are analogous to the structure
shown 1n Formula (1a), except that the bis-iminoguanidine
compounds are neutral before dissolution into the aqueous
solution. The structure of the neutral bis-iminoguanmidine
analogue 1s provided as follows (where A 1s a ring-contain-
ing moiety, as described above under Formula (1a)):

(1)
NH HN

NHZ% >—NH2

HN—N N—NH

\_, 7

[0011] Once dissolved 1n aqueous solution, the bis-1mi-
noguanidine neutral compounds react with water to form a
bis-guanidinium-dihydroxide species, which corresponds to
Formula (1a) when X 1s hydroxide (HO™), 1.e., with n=2 and
m=1. The bis-guanidintum-dihydroxide species reacts with
dissolved carbon dioxide that has been converted to carbon-
ate or bicarbonate 1n the aqueous solution to form a carbon-
ate or bicarbonate salt of the bis-iminoguanidinium com-
pound shown in Formula (la). In some embodiments, a
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liquid sorbent (e.g., a hydroxide- or amine-containing based)
1s {irst used for absorbing carbon dioxide from the gaseous
source and converting the carbon dioxide to carbonate or
bicarbonate. The sorbent containing the carbonate or bicar-
bonate 1s then contacted with the bis-guanidinium-dihydrox-
ide species 1n aqueous solution to form a carbonate or
bicarbonate salt with the bis-guanidinium species. By
whichever process 1s used, the carbonate or bicarbonate salt
of the bis-iminoguamdinium species can then be easily
removed from the solution, such as by filtration. The bis-
iminoguanidine compounds described herein can also
advantageously be recycled and re-used in the carbon diox-
ide removal process. Moreover, one or more of the hydrogen
atoms 1 Formula (1), whether the hydrogen atoms are
shown or not shown, may be replaced with one or more
methyl groups, respectively.

[0012] In particular embodiments, the method for remov-
ing carbon dioxide from a gaseous source involves the
following steps: (1) contacting the gaseous source with an
aqueous solution containing a carbon dioxide complexing
compound to result 1n precipitation of a carbonate or bicar-
bonate salt of the carbon dioxide complexing compound;
and (11) removing the carbonate or bicarbonate salt from the
aqueous solution. In the aqueous solution, before contact
with dissolved carbon dioxide, the carbon dioxide complex-
ing compound has the bis-guanidinium-dihydroxide com-
position described above, within the scope of Formula (1a).
In some embodiments, the bis-guanidinium-dihydroxide
composition 1s directly added to the aqueous solution before
or during contact of the aqueous solution with the gaseous
source. In other embodiments, the bis-guamdinium-dihy-
droxide composition 1s produced 1n situ by dissolving the
neutral bis-iminoguanidine analogue according to Formula
(1) mnto the aqueous solution.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIGS. 1A-1D. X-ray crystal structure views of
1,4-benzene-bis(iminoguamdinium) sulfate salt (BBIG-
SO,). FIG. 1A: ORTEP representation showing the planar

BBIG cation and the sulfate with the two water molecules of
hydration. FIG. 1B: [(SO,),(H,O),]*" cluster. FIG. 1C:

Stacking of the BBIG cations, with the dashed lines corre-
sponding to the C—N(imine) . . . Ph and H,N . . .
C—N(imine) intermolecular contacts.

[0014] FIG. 1D: Hydrogen bonding of the sulfate-water
clusters by the guanidintum groups of the BBIG stacks,
viewed down the crystallographic a axis.

[0015] FIGS. 2A-2C. X-ray crystal structure views of
1,4-benzene-bis(iminoguamdinium) mtrate salt (BBIG-
NQO,). FIG. 2A: ORTEP representation. FIG. 2B: Stacking of
the BBIG cations. FIG. 2C: Hydrogen bonding of the nitrate
anions by the guanidintum groups of the BBIG cations.
[0016] FIG. 3. Van’t Hofl plot for dissolution of BBIG-
SO, 1n the 15-358° C. temperature range.

[0017] FIG. 4. Schematic diagram showing a complete
separation cycle for sulfate removal by crystallization of
BBIG-SO,. Step A: In situ synthesis of BBIG dichloride salt
from aqueous aminoguanidinium chloride and terephthalde-

hyde; Step B: Selective crystallization of BBIG-SO,; Step
C: Filtration of BBIG-SO,; Step D: Compound recovery by
neutralization of BBIG-SO, with NaOH and crystallization
of neutral BBIG; sulfate 1s removed as aqueous Na,SO,;
Step E: Regeneration of the BBIG dichloride salt, which can
be recycled for another separation cycle.




US 2018/0134655 Al

[0018] FIG. 5. Schematic diagram showing a CaSO, dis-
solution cycle using the BBIG compound, starting with
BBIG-CI.

[0019] FIG. 6. Schematic diagram showing CO, capture
from ambient air with aqueous PyBIG, leading to crystalli-
zation of PyBIGH,(CO,)(H,O), (single-crystal neutron
structure shown). The CO, 1s released, and the PyBIG
compound 1s regenerated quantitatively by relatively mild
heating of the carbonate crystals.

[0020] FIGS. 7A, 7B. FIG. 7A: General schematic show-
ing a direct air capture (DAC) cycle combining CO, absorp-
tion by an aqueous sorbent, crystallization of PyBIGH,
(CO,)(H,0O), and sorbent regeneration, and CO, release and
PyBIG regeneration by heating of the carbonate crystals.
FIG. 7B: Schematic diagram showing the overall CO,
separation cycle i which atmospheric CO, capture using
PyBIG 1s combined with CO,, sorption by an alkali carbon-
ate 1n solution.

[0021] FIGS. 8A, 8B. Chart showing absorption of atmo-
spheric CO, into 1 M aqueous solutions of glycine/KOH

(FIG. 8A) and sarcosine/KOH (FIG. 8B) as a function of
time. Squares and dots correspond to carbonate and total

CO, (carbonate+carbamate) loadings, respectively.

[0022] FIG. 9. Decrease 1n the total CO, concentration of
the loaded glycine (dots) and sarcosine (squares) sorbents
during regeneration with PyBIG.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

[0023] In one aspect, the invention 1s directed to special-
ized bis-iminoguanidine or bis-iminoguanidinium (i.e.,
“BIG”) compounds having a central ring-containing moiety
(A) attached to two 1minoguanidine or iminoguanidinium
groups. The compounds are within the scope of the follow-
Ing generic structure:

(1)
NH HN

NHz% >—NH2

HN—N N—NH

\_,_ 7

[0024] Although Formula (1) depicts a specific tautomeric
arrangement, Formula (1) 1s intended to include any other
tautomers that can be denived from or interconvert with the
tautomer shown i Formula (1). As well known, tautomeric
structures have the same atomic connections (aside from one
or more protons) but difler in the placement of double bonds,
generally with concomitant relocation of one or more pro-
tons. Some examples of tautomers of Formula (1) are
provided as follows:

(1-1)

NH, H,N
NH24<\ />—NH2
N—N N—N

\_, 7
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-continued
(1-2)
NH HN
NHE% >—NH2
N=—=N N=—N

[0025] Formula (1) 1s also itended to include any regioi-
somers that may differ in the connection points of the two
aminoguanidine or aminoguanidinium groups on the ring-
containing moiety (A). Thus, as an example, if A 1s taken as
a benzene (phenylene) ring, the two shown aminoguanidine
or aminoguanidinium groups may be located at the 1,4
(para), 1,3 (meta) or 1,2 (ortho) positions. In some embodi-
ments, the aminoguanidine or aminoguanidinium groups are
located the farthest from each other on the rng-containing
moiety. In the case of a benzene ring, the farthest positions
correspond to the 1,4 (para) positions.

[0026] In the event that the structure according to Formula
(1) possesses one or more stereocenters, Formula (1) 1s
intended to include all resulting stereoisomers. The stereoi-
somer may include one or more enantiomers and/or diaste-
reomers.

[0027] Moreover, although Formula (1) depicts a neutral
molecule, Formula (1) 1s intended to encompass salt forms
of the Formula (1). The salt forms generally correspond to
those that can be produced by reaction of the neutral form of
Formula (1) with a mineral acid or alkyl halide, which
results 1n protonation or alkylation of one or more of the
shown amine or imine groups. The salt form of Formula (1)
can be expressed by the following sub-generic structure:

(la)
NH," “H,N

NHz% >—NH2

N—NH

\\ A // nX"™

[0028] As the structure 1n Formula (1a) 1s within the scope
of Formula (1), 1t 1s understood that Formula (1a), like
Formula (1), includes all possible tautomers, regioisomers,
and stereoisomers described above for Formula (1). Thus,
the positive charge shown 1in Formula (1a) may be located on
any of the other nitrogen atoms through tautomerizaton. As
well known 1n the case of tautomers, the positive charge 1s
generally distributed among all atoms capable of holding a
positive charge 1n the various tautomers. Likewise, 1t 1s well
known that partial double bond character 1s generally pres-
ent among all of the bonds capable of engaging 1n double
bonds 1n the various tautomers. Moreover, the structures 1n
Formulas (1) and (1a) both include the possibility of one or
more of the hydrogen atoms in Formula (1) or (1a), whether
the hydrogen atoms are shown or not shown 1n the formula,
being replaced with one or more methyl groups, respec-
tively.

[0029] In Formula (1a), X™" 1s an anionic species with a
magnitude of charge m, where m 1s an 1nteger of at least 1,
and n 1s an integer of at least 1, provided that nxm=2. The
anionic species may be any anionic species that, when
complexed as a salt with the bis-aminoguanidinium portion
shown 1n Formula (la), can be exchanged for another
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anionic species desired to be removed from an aqueous
solution. As the different anionic species have different
dissociation constants, any anionic species may be useful 1in
exchanging with another anionic species to be removed from
an aqueous source. The anionic species may also represent
a species that has been removed from an aqueous solution,
wherein the resulting salt of the removed anion and bis-
aminoguamdinium portion shown in Formula (1a) 1s valu-
able as a precursor for producing a neutral form of Formula
(1a) or by exchanging with another anionic species that can
be used to exchange with and remove another amionic
species of interest. The amonic species (X™7) can be, for
example, a halide, such as fluonide, chloride, bromide, or
iodide. The anionic species can alternatively be a halide
equivalent (or pseudohalide), such as methanesulfonate (me-
sylate), trifluoromethanesulionate  (triflate), tosylate,
cyanate, thiocyanate, cyanide, or a sulfonamide anion, such
as bis(tritluoromethane)sulfonamide (1.¢., bistritlimide). The
anionic species may alternatively be a borate anion, such as
tetrafluoroborate, tetrakis(pentafluorophenyl)borate, or tet-
rakis[3,5-bis(trifluoromethyl)phenyl|borate. The anionic
species may alternatively be hexafluorophosphate (PEF.7).
The anionic species may alternatively be hydroxide, or an
alkoxide (e.g., methoxide or ethoxide). The anionic species
may alternatively be a carboxylate species, such as formate,
acetate, propionate, or glycolate. In other embodiments, the
anionic species (X”7) can be an oxyanion. As used herein,
the term “oxyanion” refers to an anion having at least three
or four oxygen atoms, wherein the oxygen atoms are gen-
erally all bound to a central element. Some examples of
oxyanions include sulfate (e.g., SO.°7), nitrate (NO,),
chromate (e.g., CrO,*7), selenate (e.g., SeQ,*"), ghosphate
(e.g., PO,”"), arsenate (AsQ,”"), carbonate (CO,*7), bicar-
bonate (HCO;™), and perchlorate (C10,7). The oxyanions
provided above may or may not also include related deriva-
tives. For example, unless otherwise stated, the term *“‘sul-
fate” may also include thiosulfate (S,0,*7), bisulfate

(HSO,™), and sulfite (SO23 7). Similarly, the term “chromate”
may also include Cr,O-"" (dichromate). Similarly, the term
“phosphate” may also 1nclude hydrogenphosphate
(HPO;‘),, dihydrogenphosphate (H,PO,™), pyrophosphate
(P,O, ), thjosphosghates (e.g., PO.S°™ or PO,S,”7), and
phosphite (e.g., PO;,”~, HPO,"", or H,PO;™). The oxyanmion
may also be selected from among less common species, such
as tungstate, vanadate, molybdate, tellurate, and stannate.

[0030] The ring-containing moiety (A) 1s or includes any
cyclic group that includes at least one, two, three, or four
carbon ring atoms. Since the cyclic group 1s attached to two
iminoguanidine or iminoguanidinium groups, the cyclic
group 1n the ring-containing moiety (A) necessarily includes
two sites engaged 1n bonds, either directly, or indirectly via
a linker, to the iminoguanidine or iminoguamdinium groups.
Typically, the two sites i the ring (A) linked, directly or
indirectly, to the iminoguanidine or 1minoguanidinium
groups are ring carbon atoms. In some embodiments, the
ring-containing moiety 1s or includes a monocyclic ring, 1.¢.,
a single ring not bound or fused to another ring. In other
embodiments, the ring-containing moiety 1s or includes a
ring system, wherein the term “ring system” refers to a
polycyclic moiety (e.g., a bicyclic or tricyclic moiety). The
cyclic group can be polycyclic by either possessing a bond
between at least two rings or a shared (1.e., fused) bond
between at least two rings. The one or more rings 1n the
ring-containing moiety 1s typically a five-membered, six-
membered, or seven-membered ring.

[0031] In one set of embodiments, the ring-containing
moiety (A) 1s or includes a carbocyclic ring or ring system.
The term “carbocyclic” indicates that the ring or ring system
contains only carbon ring atoms. The carbocyclic ring or
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ring system can be saturated or unsaturated. Some examples
of carbocyclic rings that are monocyclic and saturated
include cyclopentyl, cyclohexyl, and cycloheptyl rings.
Some examples of carbocyclic rings that are monocyclic and
unsaturated (which may be aliphatic or aromatic) include
cyclopentenyl, cyclopentadienyl, cyclohexenyl, cyclohexa-
dienyl, cycloheptenyl, cycloheptadienyl, and phenylene
(benzene) rings. Some examples of carbocyclic rings that are
polycyclic and saturated 1nclude decalin, norbornane, bicy-
clohexane, and 1,2-dicyclohexylethane ring systems. Some
examples of carbocyclic rings that are polycyclic and
unsaturated include naphthalene, anthracene, phenanthrene,
phenalene, and indene ring systems.

[0032] In another set of embodiments, the ring-containing
moiety (A) 1s or includes a heterocyclic ring or ring system.
The term “heterocyclic” indicates that the ring or ring
system contains at least one ring heteroatom. The ring
heteroatom 1s typically selected from mitrogen, oxygen, and
sulfur. The heterocyclic ring or ring system can be saturated
or unsaturated. Some examples of heterocyclic saturated
rings or ring systems include those containing at least one
ring nitrogen atom (e.g., pyrrolidine, piperidine, piperazine,
imidazolidine, azepane, and decahydroquinoline rings);
those containing at least one ring oxygen atom (e.g., oxet-
ane, tetrahydrofuran, tetrahydropyran, 1,4-dioxane, 1,3-di-
oxane, and 1,3-dioxepane rings); those containing at least
one ring sulfur atom (e.g., tetrahydrothiophene, tetrahydro-
thiopyran, 1,4-dithiane, 1,3-dithuane, and 1,3-dithiolane
rings); those containing at least one ring oxygen atom and at
least one ring nitrogen atom (e.g., morpholine and oxazoli-
dine rings); and those containing at least one ring nitrogen
atom and at least one ring sulfur atom (e.g., thiazolidine and
thiamorpholine rings). Some examples of heterocyclic
unsaturated rings or ring systems include those containing at
least one ring nitrogen atom (e.g., pyrrole, imidazole, pyra-
zole, pyridine, pyrazine, pyrimidine, 1,3,5-triazine, azepine,
diazepine, indole, purine, benzimidazole, indazole, 2,2'-
bipyridine, quinoline, 1soquinoline, phenanthroline, 1,4,5,6-
tetrahydropyrimidine, 1,2,3,6-tetrahydropyridine, 1,2,3.4-
tetrahydroquinoline, quinoxaline, quinazoline, pyridazine,
cinnoline, and 1,8-naphthyridine rings); those contaiming at
least one ring oxygen atom (e.g., furan, pyran, 1,4-dioxin,
benzofuran, dibenzofuran, and dibenzodioxin); those con-
taining at least one ring sulfur atom (e.g., thiophene, thi-
anaphthene, benzothiophene, thiochroman, and thio-
chromene rings); those contaiming at least one ring oxygen
atom and at least one ring nitrogen atom (e.g., oxazole,
1soxazole, benzoxazole, benzisoxazole, oxazoline, 1,2,5-
oxadiazole (furazan), and 1,3,4-oxadiazole rings); and those
containing at least one ring nitrogen atom and at least one
ring sulfur atom (e.g., thiazole, 1sothiazole, benzothiazole,
benzoisothiazole, thiazoline, and 1,3,4-thuadiazole rings).
[0033] Some examples of compounds according to For-
mula (1a) include the following:
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-continued
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-continued
(1a-12)

Y Y

NH,* NH," X"

[0034] Any of the above exemplary compounds may also
be converted to the respective neutral analogue according to
Formula (1) by removal of the two protons located on
positively charged amine groups. Moreover, 1n any of the
above exemplary formulas, a hydrogen atom on a ring
nitrogen atom may be replaced with a hydrocarbon group,
such as a methyl, ethyl, n-propyl, 1sopropyl, n-butyl, 1sobu-
tyl, sec-butyl, t-butyl, phenyl, or benzyl group. As also
provided above, one or more of the hydrogen atoms 1n any
of the above exemplary structures, whether the hydrogen
atoms are shown or not shown, may be replaced with one or
more methyl groups, respectively.

[0035] The compounds according to Formulas (1) and (1a)
can be synthesized by methods well known 1n the art. In
particular embodiments, the compounds according to For-
mulas (1) and (1a) are synthesized by reacting aminoguani-
dine or aminoguanidinium chloride (or a methylated deriva-
tive thereol) with a ring-containing dialdehyde or diketone
under conditions where an 1mine linkage 1s formed between
an amino group on the aminoguanidine or aminoguani-
dinium molecule and the carbon of the aldehyde or ketone
group. The ring-containing dialdehyde or diketone includes
a ring-contaiming moiety (A), as described above. A general
schematic of the process 1s provided as follows:

)

LN o o

) N ' | |
. R A R

IL,N— NI
/2 X
NIH,* ILN
NH24< >—NH2
HN—N N—NH

R>\7A4</R e

[0036] In the above scheme, A 1s a ring-containing moiety,
as described above. The group R 1s typically hydrogen
(which corresponds to a dialdehyde reactant), but R may be
a hydrocarbon group, such as methyl, ethyl, n-propyl, 1so-
propyl, n-butyl, 1sobutyl, sec-butyl, t-butyl, phenyl, or ben-
zyl group, which corresponds to a diketone reactant. The
above scheme 1s meant to be inclusive of producing a neutral
bis-iminoguanidine compound according to Formula (1). To
produce the neutral compound, aminoguanidine can be used
in the above scheme instead of a guanidintum salt, or
alternatively, the guanmidinium salt can be produced and
converted to the neutral guanidine compound by reaction
with a base. Moreover, any one or more hydrogen atoms of
the aminoguanidine or aminoguanidinium reactant may be
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replaced with one or more methyl groups, respectively,
except that the aminoguanidine or aminoguanidinium reac-
tant should retain at least one primary amine group for
reaction with the dialdehyde or diketone. Alternatively, one
or more hydrogen atoms of the bis-tminoguanidinium or
bis-iminoguamdine product may be replaced with one or
more methyl groups by, for example, reaction with methyl
1odide.

[0037] In another aspect, the invention 1s directed to a
method for removing one or more oxyanions from an
aqueous source containing the oxyanion by contact of the
aqueous source with any of the bis-iminoguanidinium com-
pounds (“‘oxyanion precipitating compounds™) of Formula
(1a), as described above, wherein the anionic species (X"7)
in Formula (1a), before contact with the aqueous source, 1s
exchangeable with the oxyanion to be removed from the
aqueous source. In some embodiments, the anionic species
in Formula (1a), before contact with the aqueous source, 1s
more specifically a halide or pseudohalide. The oxyanion(s)
in the aqueous source can be one or more ol any of the
oxyanions described above. The aqueous source can be any
source containing one or more oxyanions to be removed.
The oxyamion to be removed 1s generally present in the
aqueous source as an inorganic salt that 1s dissolved or
suspended 1n the aqueous source. In some cases, at least one
of the oxyanions 1s in the form of an 1nsoluble scale, such as
CaSO,, SrS0,, or BaSO, scale. Scale 1s often a major
problem 1n o1l field mjection operations and the method
described herein offers a solution to scale removal. The
aqueous medium 1s typically composed predominantly or
completely of water, such as found 1n seawater, water from
sewage treatment, or aqueous effluent from an industrial or
commercial process. However, 1n some embodiments, the
aqueous medium may include an organic solvent miscible 1n
water, such as an alcohol, acetone, or the like.

[0038] In the method for removing one or more oxyanions
from an aqueous source, the oxyanion precipitating coms-
pound 1s dissolved in the aqueous source. The foregoing
dissolution process can be referred to as “step (1)”. The
oxyanion precipitating compound refers to any of the bis-
iminoguanidimum compounds of Formula (1a) where the
anionic species (X7) 1s exchangeable with the oxyanion to
be removed from the aqueous source. That 1s, the anionic
species (X™7) 1 the bis-tminoguanidinium compound of
Formula (la), before being contacted with and dissolved
into the aqueous source, should be capable of being replaced
with the oxyanion to be removed from the aqueous source.
For example, the bis-iminoguanidinium compound of For-
mula (1a) may take the anionic species (X 7) as a halide or
pseudohalide, before contact of the bis-iminoguanidinium
compound of Formula (1a) with the aqueous source, 1n a
situation where the oxyanion to be removed from the
aqueous source 1s sulfate, nitrate, chromate, selenate, phos-
phate, arsenate, carbonate, bicarbonate, or perchlorate. The
oxyanion precipitating compound can be dissolved by any
suitable means, such as by directly adding solid oxyanion
precipitating compound to the aqueous source or by adding,
a pre-made solution, suspension, or slurry of the oxyanion
precipitating compound to the aqueous source.

[0039] The oxyanion precipitating compound 1s added to
the aqueous source i such amount and under such condi-
tions (e.g., temperature) that result in precipitation of an
oxyanion salt of the oxyanion precipitating compound. For
example, 1n the case where the oxyanion precipitating coms-
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pound being added to the aqueous source corresponds to the
bis-iminoguanidimum compound of Formula (1a) where the
amonic species (X™7) 1s halide or a pseudohalide, and the
oxyanion to be removed from the aqueous source 1s suliate,
the oxyanion precipitating compound should be added to the
aqueous source 1n suilicient amount and under appropriate
conditions to result 1n replacement of the halide or pseudo-
halide with sulfate 1n the bis-iminoguanidinium compound
of Formula (1a). The result 1s that the resulting precipitated
salt corresponds to a salt of the bis-iminoguanidinium com-
pound of Formula (1a) where the anionic species X™ 1s the
oxyanion (e.g., sulfate) being removed from the aqueous
source. Generally, the oxyanion precipitating compound 1s
added to the aqueous source 1n an amount corresponding to
at least, and generally above, the molar amount of oxyanion
expected to be contained within a sample of aqueous source
to be processed. The term “precipitation,” as used herein,
refers to the separation of the oxyanion salt, as a solid, from
the aqueous source. The precipitate can be, for example, an
amorphous solid (e.g., as scale, sludge, or powder) or
crystalline material. In preferred embodiments, the precipi-
tate 1s 1n crystalline form, since crystal formation functions
as an additional driving force for removal of the oxyanion
salt from solution.

[0040] Following the dissolution of the oxyanion precipi-
tating compound of Formula (1a) and precipitation of the
oxyanion salt of Formula (1a) in step (1), the precipitated
oxyanion salt 1s removed from the aqueous source to result
in water substantially reduced in the concentration of the
oxyanion originally present in the aqueous source. The
removal step can be referred to as step (11). The precipitated
oxyanion salt can be removed by any of the means well
known 1n the art for removing solid material from a liquid.
The precipitated oxyanion salt can be removed by, for
example, filtration, or by centrifugation followed by decant-
ing, or by a combination thereof. By use of the oxyanion
precipitating compounds described herein, the oxyanion salt
being removed can be reduced by at least or above 98%,
99%, 99.5%, or 99.9% compared to the original concentra-
tion of the oxyanion 1n the aqueous source.

[0041] In the process described above for removing one or
more oxyanions Irom an aqueous source, the resulting
precipitated oxyanion salt can be conveniently processed to
regenerate the starting oxyanion precipitating compound
according to Formula (la). By regenerating the starting
oxyanion precipitating compound, the process can advanta-
geously include a recycling step, which makes the process
further cost effective with minimal environmental impact.
To regenerate the starting oxyanion precipitating compound,
the precipitated oxyanion salt (e.g., Formula (1a) in which
X™ 1s sulfate) can be reacted with a base (e.g., a metal
hydroxide, organic amine, or ammonia) that converts the
cationic form of the oxyanion precipitating compound (ac-
cording to Formula (1a)) to the neutral form depicted 1n
Formula (1) while at the same time forming a byproduct salt
(e.g., metal sulfate, organoammonium sulfate, or ammonium
sulfate, respectively) with the oxyanion originally bound
with the oxyanion precipitating compound. The neutral
compound depicted 1n Formula (1) 1s then reacted with a
protic acid (e.g., HCI, HBr, or HNO,, etc.) to produce the
original cationic form according to Formula (1a) with X~
being the conjugate base of the acid used (e.g., CI7, Br™, or
NO,7, respectively).
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[0042] In another aspect, the invention 1s directed to a
method for removing carbon dioxide from a gaseous source
by contacting the gaseous source with an aqueous solution
containing a bis-iminoguanidinium compound of Formula
(1a) wherein the amionic species (X™7) 1s hydroxide. By
virtue of the hydroxide anion in the bis-iminoguanidinium
compound of Formula (1a), the bis-iminoguamdinium com-
pound of Formula (1a) functions as a carbon dioxide com-
plexing (capturing) compound. More specifically, the
hydroxide anion 1n the bis-iminoguanidinium compound of
Formula (1a) reacts with carbon dioxide to form a carbonate
or bicarbonate anion. The resulting carbonate or bicarbonate
anion associates with the bis-iminoguamdinium compound
of Formula (1a) to form a carbonate or bicarbonate salt of
the bis-iminoguanidinium compound of Formula (1a). The
gaseous source can be any volume of gas containing carbon
dioxide. The gaseous source can be, for example, air, waste
gas from an 1ndustrial or commercial process, flue gas from
a power plant, exhaust from an engine, or sewage or landfill
gas.

[0043] In one embodiment, the bis-iminoguanidiniums-
hydroxide compound is prepared before 1t 1s dissolved in an
aqueous medium to produce the aqueous solution. In another
embodiment, the bis-iminoguanidinium-hydroxide com-
pound 1s produced in the aqueous medium 1n situ by adding
a neutral bis-iminoguamdine compound according to For-
mula (1) to the aqueous medium, 1n which case the neutral
bis-iminoguamdine compound spontaneously reacts, via its
substantial alkalinity, with water molecules to form a bis-
iminoguanidinium according to Formula (1a) in which the
anionic species 1s hydroxide.

[0044] In the carbon dioxide removal process, the gaseous
source 1s contacted with the aqueous solution containing the
carbon dioxide complexing compound by any means that
permits the gaseous source to dissolve into the aqueous
solution. The gaseous source can, for example, be bubbled
through the aqueous solution, with or without agitation of
the aqueous solution. Alternatively, the gaseous source may
be sprayed or misted with the aqueous solution, which may
be performed in the presence of a layer of the aqueous
solution under agitation to further absorb the carbon dioxide.
When the carbon dioxide complexing compound contacts
the dissolved carbon dioxide, the hydroxide anion in the
carbon dioxide complexing compound reacts with the car-
bon dioxide so as to form a carbonate or bicarbonate salt of
the carbon dioxide complexing compound, 1.e., a carbonate
or bicarbonate salt of the bis-iminoguanidinium compound
of Formula (1a). The carbonate or bicarbonate salt of the
bis-iminoguamdinium compound of Formula (1a) precipi-
tates from the aqueous solution, either as amorphous powder
form or in crystalline form, as described above in the
oxyanion removal process. The foregoing contacting and
precipitating stage may be referred to as step (1).

[0045] Aflter the carbonate or bicarbonate salt of the
bis-iminoguamdinium compound of Formula (1a) 1s precipi-
tated, the precipitate 1s removed from the aqueous solution
by any suitable means, such as filtration, as described above
for the oxyamion removal process. The foregoing removal
step may be referred to as step (11). Moreover, the resulting
carbonate or bicarbonate salt can be processed, such as by
heating, to recover the starting bis-iminoguanidinium-hy-
droxide within the scope of Formula (1a) or the starting
neutral bis-iminoguanidine compound within the scope of
Formula (1) with simultaneous evolution of carbon dioxide
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gas. The evolved carbon dioxide gas may be stored and/or
pressurized, as appropriate, and may be subsequently further
processed or reacted 1n an industrial or commercial process.
[0046] In the above-described process for capturing car-
bon dioxide, the bis-iminoguanidinium compound accord-
ing to Formula (1a) captures the carbon dioxide directly by
converting carbon dioxide to carbonate or bicarbonate and
forming a salt with the carbonate or bicarbonate. However,
in some embodiments, the carbon dioxide to carbonate
conversion process can be separated from the salt formation
process. A separated process can be particularly advanta-
geous when using a CO, sorbent that can capture and
convert the carbon dioxide to carbonate significantly faster
than the bis-iminoguanidinium-hydroxide compound in For-
mula (la). In this way, a highly eflicient CO, sorbent can
quickly capture and convert carbon dioxide to carbonate,
and a bis-iminoguanidinium compound according to For-
mula (la) can quickly form an insoluble salt with the
carbonate, thereby removing the carbon dioxide 1n a more
cllicient manner. In the two-part process, the anion of the
bis-iminoguanidinium can be any anion that can be replaced
with carbonate or bicarbonate, such as hydroxide or a halide.
The CO, sorbent 1s typically an aqueous solution in which
a base reactive with carbon dioxide 1s included. The base
may be, for example, a metal hydroxide (e.g., NaOH or
KOH), alkal1 carbonate, or an amine-containing molecule
other than those described in Formulas (1) and (1a), e.g.,
methylamine, ethylamine, ethylenediamine, ethanolamine,
and amino acids (e.g., glycine, sarcosine, taurine, alanine,
valine, leucine, serine, threonine, glutamine, asparagine,
lysine, arginine, and phenylalanine).

[0047] Examples have been set forth below for the pur-
pose of illustration and to describe certain specific embodi-
ments of the invention. However, the scope of this invention
1s not to be 1n any way limited by the examples set forth
herein.

Examples

Synthesis of 1,4-benzene-bis(iminoguanidinium)
(BBIG) compounds

[0048] The synthetic process used 1n preparing the BBIG
compounds 1s summarized by the following scheme:

Cl
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[0049] In brief, aqueous condensation of aminoguani-
dinium chloride with terephthalaldehyde led to the in situ
formation of the 1,4-benzene-bis(iminoguanidinium) cation
(BBIG), which crystallized as the sulfate (BBIG-SO,) or
nitrate (BBIG-NO,) salt 1n the presence of Na,SO, or
NaNOQO,, respectively.

[0050] Preparation of BBIG-C1 (1):
1
S
Cl 1
x. _N NH
®NH2 ‘ AN N T 2
)l\ N NH
H,N E"" NN ® -
Cle
[0051] 4 grams of terephthalaldehyde and 7.26 grams of

aminoguanidinium chloride were added to 20 mL of ethanol
in a 50 mL round bottom flask equipped with a magnetic stir
bar. The solution was heated to 60° C. using a hotplate, and
stirred with a magnetic stir bar for 2 hours. The solution was
cooled to 20° C. and allowed to sit for three hours, before
collecting the solid by vacuum filtration through a filter-
paper equipped Biichner funnel. The obtained solid was
suspended 1n 20 mL of ethanol and the suspension heated on
a hotplate until boiling. If the solid did not go completely
into solution at this point, one or more small aliquots (1 mL)
of ethanol were added, followed by bringing the solution to
boiling until all solid became dissolved. The flask was
allowed to cool to room temperature, then placed in a 0° C.
freezer overmight. The solid was collected by filtering

through a filter-paper equipped Bilchner funnel using
vacuum filtration.

[0052] Preparation of BBIG-SO,: A mixture of sold
terephthalaldehyde (0.5 mmol, 0.067 g), aqueous amin-
oguanidinium chloride (1.1 mmol, 2.2 mL, 0.5 M), and
water (10 mL) was stirred magnetically for 4 hours, which
resulted 1n a slightly yellow solution. Addition of sodium
sulfate (0.5 mmol, 0.5 mL, 1 M) to this solution resulted 1n
instant precipitation ol a crystalline white solid. The crys-
talline solid was filtered after two weeks and washed with

water. Yield: 0.164 g (86%). HRMS (ESI-MS): m/z calcd for
C,oH,N.": 247.14140; found: 247.14100; elemental analy-
s1s calcd (%) for C, H,,N:OS: C, 31.58, H, 5.30, N, 29.46;
tfound: C, 31.61, H, 5.53, N, 29.04. X-ray quality single
crystals were obtained by slow evaporation of a solution
containing aminoguanidinium chloride, terephthalaldehyde,
and tetrabutylammonium sulfate in water/DMF. The simu-
lated powder pattern from the single-crystal X-ray structural
analysis matched the experimental PXRD pattern of bulk
BBIG-SO, precipitated from water.

[0053] Preparation of BBIG-NO;: A mixture of solid
terephthalaldehyde (0.5 mmol, 0.067 g), aqueous amin-
oguanidinium chloride (1.5 mmol, 3 mL, 0.5 M), and water
(10 mL) was stirred magnetically for 5 hours, which resulted
in a slhightly vellow solution. Addition of sodium nitrate (1
mmol, 1 mL, 1 M) to this solution resulted in precipitation
of a crystalline white solid after about 10 minutes. The
mixture was stirred for 12 hours, before the crystalline solid
was filtered and washed with water and ethanol. Yield 0.150
g (81%). HRMS (ESI-MS): m/z calcd for C,,H,N;™:
247.14140; found: 247.14130; elemental analysis calcd (%)
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for C,H,N,,O4: C, 32.26, H, 4.33, N, 37.62; found: C,
32.57, H, 4.50, N, 6.64. X-ray quality single crystals were
obtained by leaving the mixture containing the initially
precipitated solid undisturbed for two weeks. The simulated
powder pattern from the single-crystal X-ray structural
analysis matched the experimental PXRD pattern of bulk
BBIG-NO, precipitated from water.

Synthesis of 2,6-pyridine-bis(iminoguanidine)
(PyBIG)

[0054] 2,6-pyridine-bis(iminoguanidine) (PyBIG) was
obtained by 1mine condensation of 2,6-pyridinedialdehyde
with aminoguanidinium chloride, followed by neutralization
with aqueous NaOH, which led to precipitation of the pure
compound as a crystalline hydrate (PyBIG.2.5H,0O). The
details of the synthesis are as follows:

[0055] Pyndine-2,6-dicarbaldehyde: A mixture of pyri-
dine-2,6-dimethanol (10.00 g, 71.86 mmol) and Dess-Mar-
tin periodinane (67.06 g, 158.10 mmol) were suspended in
400 mL of dichloromethane. The reaction mixture was
stirred at room temperature for 12 hours. Subsequently, 100
mL of water was added to the reaction and the mixture was
stirred at room temperature for an additional 12 hours. A 300
ml 50/50 mixture of saturated NaHCO?3 and 10% Na,S,0,
was added to the reaction mixture and stirred for two
additional hours, then the mixture was filtered through a
celite plug. The filtrate was poured 1nto a separatory funnel
and the organic layer was collected, washed with brine, and
dried with Na,SO,. The dichloromethane was removed
under vacuum resulting 1n a white-yellow solid. The product
was purified by column chromatography using the following
methodology. The solid was partly dissolved 1n hexanes and
loaded onto a silica gel column (Note: the solid 1s not fully
soluble 1n hexanes), and eluted using a hexanes-ethyl acetate
solvent system (7:3 hexanes/ethyl acetate). The final product
was 1solated as a white solid. Yield: 7.64 g, 78.7%. ;H NMR
(400 MHz, CDCl,) o 10.136 (2H, s), 8.164 (2H, d), 8.070
(1H, t). '°C NMR (100 MHz, CDCI3) & 192.38, 152.99,
138.43, 125.36.

[0056] PyBIG.2HCI (2): Pyndine-2,6-dicarbaldehyde
(7.64 g, 56.54 mmol) was suspended 1n 200 mL of absolute
cthanol, then aminoguanidinium chlonide (13.75 g, 124.37
mmol) was added to the suspension. The reaction mixture
was mechanically stirred and heated to 65° C. for 8 hours
(Note: as the reaction progresses, small amounts of the
aldehyde dissolves and the bis-iminoguanidinium product
precipitates out of solution as a white solid). After 8 hours,
the product (PyBIG.2HCI) was obtained as a white solid by
vacuum filtration of the reaction mixture, and washed with
diethyl ether to remove unreacted pyridine-2,6-dicarbalde-
hyde. Yield: 90.8%. "H NMR (400 MHz, D,0) 8 7.779 (1H,
t), 7.717 (2H, s), 7.681 (2H, d). '°C NMR (100 MHz, D,O)
0 154.96, 150.99, 145.20, 138.75, 123.51. The foregoing
product has the following structure:

>
o
Cl
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NIL, ‘ X NI
)L N Z N )-I\
N N7 X NN NI,
I I
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[0057] PyBIG.2H,O: PyBIG.2HCI (10.00 g, 31.23 mmol)
was dissolved 1n 350 mL of water and the mixture was
stirred for 1 hour to ensure complete dissolution of the
chloride salt. Subsequently, NaOH (6.9 mL, 10 M) was
added, resulting 1n immediate precipitation of the free com-
pound. The suspension was stirred for 4 hours, and then the
pure PyBIG.2H20 compound was 1solated as an ofl-white

solid by vacuum filtration and drying under vacuum at room
temperature overnight. Yield: 96.1% (7.72 g). '"H NMR (400

MHz, DMSO-d,) & 7.999 (2H, s), 7.915 (2H, d), 7.647 (1H,
f) 6.145 (4H, s) 5.924 (4H, s). '3C NMR (100 MHz,
DMSO-d,) 8 161.91, 155.65, 143.88, 136.29, 118.19.

[0058] Solubility Measurements of BBIG-Cl, BBIG-S0,,
and BBIG-NO,

[0059] The solubility of BBIG-Cl was determined gravi-
metrically. A saturated solution of BBIG-Cl1 was obtained by
placing an excess of the salt n a 15 mL polypropylene
centrifuge tube and adding 2 mL of deionized water (milli-
Q). The resulting suspension was mixed for 48 hours using
a rugged rotator set at 60 rpm, 1nside an 1ncubator set at 258°
C. After 48 hours, the suspension was centrifuged for 10
minutes at 3000 rpm to separate the aqueous and solid
phases. The aqueous layer was then carefully removed using,
a 0.22 um syringe filter to remove any remaining suspended
solid from the solution. One mL of the saturated salt solution
was then pipetted 1nto a pre-weighed glass vial containing a
magnetic stir bar. The water was then removed under
reduced pressure and gentle heating (~50° C.) while stirring.
The resulting solid was left under vacuum overnight to
ensure complete removal of the water, prior to weighing the
vial. The solubility measurements were run 1n triplicate, and
the average weight of the recovered chloride salt was 0.0202
g which corresponds to an aqueous solubility of 6.3(x£0.2)x
10~ M.

[0060] The solubilities of BBIG-SO4 and BBIG-NO3
were determined by UV spectroscopy. Prior to determining,
the solubility of these salts, a calibration curve was obtained
using the more soluble BBIG-CI salt. Saturated solutions of
the BBIG-SO, and BBIG-NOQO, salts were prepared the same
way as for BBIG-CI. These solutions were then diluted to
ensure the concentrations of the BBIG di-cation were 1n the
concentration range of the calibration curve. The BBIG-NO,
solutions were diluted 100-fold, whereas the BBIG-SO,
solutions were diluted tenfold. The solubilities were then
determined from the UV spectra of these diluted solutions by
measurement of the absorbance maxima at 322 nm and
comparison with the calibration curve. The solubility mea-
surements were run 1n triplicate, and the obtained averages

and standard deviations for BBIG-50, and BBIG-NO, were
1.6(2)x10™ M and 6.5(5)x10™* M, respectively.

[0061] Variable-Temperature Solubility Measurements of
BBIG-SO,
[0062] All measurements were done 1n triplicate and the

reported solubilities are the average values. Excess amounts
of BBIG-SO, were mixed with 10 mL of MilliQQ water in 15
mL polypropylene centrifuge tubes. The resulting suspen-
sions were mixed for 72 hours using a rugged rotator set at
60 rpm, inside an incubator set at 15, 20, 25, 30, or 35° C.
Subsequently, the samples were removed and centrifuged
for 10 minutes at 3000 rpm to separate the aqueous and solid
phases. A 3 mL aliquot was then removed from each sample
tor UV analysis. Then 3 mL of fresh Milli(QQ water was added
to the samples to replace the aliquot of solution removed,
and the samples were mixed for an additional 72 hours at the
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next desired temperature before further sub-sampling. The
temperatures were maintained by using temperature con-
trolled incubators containing NIST certified thermometers.
The 3 mL aliquots of subsampled solutions were filtered
through a 0.22 um syringe filter to ensure any suspended
solid was removed from the solutions prior to diluting the
samples using the same dilution factors used in determining
the solubilities at 258° C., as described above. The solubili-
ties were determined by UV spectrometry, as described in
the previous section.

[0063] Competitive Crystallization of BBIG-SO, from an
Aqueous Mixture of Sulfate, Nitrate, and Chlonde

[0064] First, BBIG-Cl was generated 1n situ from terephta-
laldehyde and aminoguanidimmum chloride, as follows.
Terephthalaldehyde (0.5 mmol, 0.067 g), aminoguanidinium
chloride (1.5 mmol, 3 mL, 0.5 M) and water (10 mL) were
added to a 20 mL wvial. The mixture was stirred at room
temperature for 5 hours, which resulted 1n dissolution of
most of the suspended solid. A few drops of 1M HCI were
then added to adjust the pH to around 5, which resulted in
a clear, shightly yellow solution. Aqueous sodium suliate
(0.5 mmol, 0.5 mL, 1 M) and sodium mitrate (1 mmol, 1 mL,
1 M) were then added, which resulted in the formation of a
white precipitate after about 2 minutes. The mixture was
stirred at room temperature for 12 hours, before the crys-
talline solid was filtered and washed with water. Yield: 0.190
g (100%). PXRD and FT-IR analyses confirmed the crys-
tallized solid was pure BBIG-SO,.

[0065] Recovery of the BBIG Compound

[0066] BBIG-S0, (533.1 mg, 0.14 mmol) was added to a 2
mL solution of NaOH (10%) and the mixture was stirred for
2 hours at room temperature, which resulted 1n the formation
of a yellow precipitate. The solid was filtered using a
pre-weighed filter paper, rinsed with 200 mL of water, then
dried under vacuum. Yield: 31.8 mg (93%) as yellow
powder. 'H NMR (400 MHz, CD,OD): 6=7.660 (s, 4H;
CH), 8.015 ppm (s, 2ZH; N—CH). Dissolution of the yellow
powder in 1 M HCl resulted 1n a clear solution of BBIG-CI,
which could be reused for sulfate separation, as demon-
strated by precipitation of BBIGSO,, upon addition of aque-
ous sodium sulfate. X-ray quality single crystals of BBIG.
2H,O were obtained by slow evaporation of a solution
containing a small amount of the recovered yellow powder
dissolved 1nto aqueous ethanol.

[0067] Suliate Separation from Seawater

[0068] The seawater used in the experiment was collected
from the gulf stream 1n the Atlantic Ocean. Prior to use, the
water was pre-liltered to remove suspended particulates and
small organisms. After filtration, 10 mL of the ocean water
was spiked with 96 mL of the >°S radiotracer (as Na,”>>SO,)
for f liquid scintillation counting. The sulfate concentration
in seawater was estimated to be about 30 mM by ftitration
with BaCl,. Stock solutions of BBIG-Cl in MiliQ water
were prepared, with concentrations of 15, 30, 33, 45, and 60
mM. A volume of 0.75 mL of each of these solutions was
pipetted mnto a 2 mL Eppendort microcentrifuge tube, and
0.75 mL of seawater pre-spiked with the S radiotracer was
added. The resulting solution mixtures were mixed for 24
hours using a rotating wheel set at 60 rpm 1n a temperature-
controlled air-box set at 25+£0.2° C. The tubes were then
centrifuged for 10 minutes at 3000 rpm to separate the
aqueous and solid phases, and 1 mL aliquot solutions were
removed using 0.22 um syringe filters for p liquid scintil-
lation counting.
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[0069] Analysis of Sulfate Concentration by § Liquid
Scintillation Counting

[0070] The radiolabeled *°S radiotracer is a [ emitter,
thereby allowing determination of the sulfate concentration
of a solution spiked with a known amount of Na,>>SO, by
3 liquid scintillation counting. The seawater solutions were
pre-spiked with 96 mL of the °°S radiotracer, as above. The
amount of radiotracer used was based on the need to ensure
approximately 4.5 to 5 million initial counts per minute
(CMP)/mL of solution (Ci mL™"). The volume of the spike
solution was determined by factoring in the original activity
of the solution and correcting for the short half-life of the > S
radiotracer. The Na,>>SO, solution had completed 3.8 half-
lives before use in this experiment. The 1 mL aliquot
solutions removed from seawater (see above) were pipetted
into 20 mL of Ultima Gold scintillation cocktail (Perki-
nElmer). It was necessary to use 20 mL of the cocktail to
ensure complete solubility of the seawater solutions in the
cocktail. The resulting mixtures were vigorously shaken to
allow for complete dissolution and dispersion of the salt
solutions. The samples were then placed on the analyzer and
counted for 30 minutes after allowing 60 minutes for dark-
adaption.
[0071]

[0072] FIG. 1A shows the single-crystal X-ray structural
of BBIG-SO,. As shown in FIG. 1A, BBIG-SO, has a
virtually planar conformation for the bis(Gminoguamdinium)
cation, and includes two water molecules of hydration 1n the
crystal. As shown 1n the crystal structure perspective 1n FIG.
1B, pairs of sulfate anions are linked together by four water
molecules into centrosymmetric [(SO,).(H,O).]*" clusters.
Each sulfate anion 1n the cluster accepts four water hydrogen
bonds, with observed OH . . . 0 contact distances of 1.82,
1.84, 1.88, and 2.20 A, and OH—O angles of 169.8, 174.2,
156.6, and 167.38°, respectively. There are two crystallo-
graphically distinct BBIG cations in the crystal; one 1s
perfectly planar, whereas the other 1s slightly bent, with its
terminal NH, groups deviating by 0.2 A out of the mean
plane of the cation. As shown in the crystal structure
perspective 1 FIG. 1C, the two cations are stacked in an
antiparallel fashion 1 an ABAB pattern 1n the crystal, with
a mean interplanar distance of 3.39 A. The shortest inter-
molecular contacts between adjacent cations in the stacks
are shown 1n inner and outer dashed lines in FIG. 1C,
corresponding to contacts between the imine N atoms and
the centroids of the benzene rings (3.35, 3.48 A), and
between terminal NH, groups and the centers of the C—N
imine bonds (3.19, 3.33 A), respectively. As shown by the
more expansive crystal structure 1 FIG. 1D, the anionic
[(SO,),(H,0),]* clusters in the crystal are flanked by four
cationic BBIG stacks, accepting a total of 20 NH . . . O
hydrogen bonds from the guamidinium groups, of Wthh 14
are to the sulfate anions, and 6 to the water molecules 1n the
cluster. Thus, the total coordination number of each sulfate

Results and Discussion

anmion 1s 11, consisting of 7 NH . . . O hydrogen bonds from
guamdmlum groups, and 4 OH . . . O hydrogen bonds from
walter.

[0073] The X-ray crystal structure of BBIG-NO, 1s shown

in FIG. 2A, with the stacking arrangement perspective
shown 1n FIG. 2B. As in the analogous sulfate structure, the
BBIG cations are stacked within the crystal, although 1n this
case they are orniented parallel to each other, with a mean
interplanar distance of 3.27 A between adjacent cations in
the stack. As shown 1n the more expansive view of FIG. 2C,
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the nitrate anions link the stacks into a three-dimensional
hydrogen-bonded network, with each anion accepting five
hydrogen bonds from three neighboring guanidinium
groups.

[0074] FEflective aqueous anion separation by crystalliza-
tion of guanidines requires in the first place that the guani-
dinium salt of the targeted anion 1s relatively insoluble 1n
water. For the crystallization to be selective, the guani-
dinium salt of the targeted anion also needs to be signifi-
cantly less soluble than the corresponding salts of the
competing anions. Table 1, below, lists the measured aque-

ous solubilities of the sulfate, nitrate, and chloride salts of
BBIG.

TABLE 1

Aqueous solubilities of different BBIG salts at 25° C.

BBIG Salt Solubility (M)
sulfate” 1.6(2) x 107
nitrate® 6.5(5) x 1074
chloride® 6.3(2) x 1072

“Measured by UV spectroscopy,
"Measured gravimetrically

[0075] The aqueous solubility of the sulfate salt was found
to be lower than the corresponding solubilities of the nitrate
and chloride analogues, by a factor of about 40 and 4000,
respectively. Notably, the solubility of BBIG-SO, 1s also
lower by a factor of 45 than the solubility of the glyoxal-
bis-(1minoguanidinium) sulfate salt, as previously reported
(R. Custelcean, et al., Angew. Chem. Int. Ed. 20135, 54,
10525, Angew. Chem. 20135, 127, 10671). The correspond-
ing solubility product (K, ) of BBIG-SO, 1s 2.4(20.6)x10~
10, which 1s only marginally higher than the K5 of BaSO,
(1.1x107'%). Variable-temperature dlssolutlon measure-
ments indicated that the solubility of BBIG-SO, slightly
decreases with increasing temperatures. From the van’t Hoil
plot shown 1 FIG. 3, 1t can be seen that the enthalpy of
dissolution, as obtamned from the slope of the plot, i1s
—3.7(x0.8)x107'° kJmol~". Thus, crystallization of BBIG-
SO, 1s slightly endothermic and entropy driven. The excep-
tionally low aqueous solubility of BBIG-SO, 1s quite
unusual for a guanidinium sulfate salt. This low solubility
implies high stability for the BBIG-SO, crystals.

[0076] FElectronic-structure calculations using density
functional theory (DFT) indicated the stacking interactions
between the bis-iminoguamdinium cations 1n the BBIG-SO,,
crystals are mainly electrostatic in nature. The electrostatic
potential maps of the BBIG cation, either in the BBIG-SO,
crystal, or 1solated in the gas phase, showed that the C atoms,
including those of the phenyl ring, tend to be electropositive,
whereas the N atoms of the guanidinium and 1mine groups
are all electronegative. The atomic charges of the BBIG
cation were calculated using the Bader scheme. These
charges are generally consistent with the relative ofiset of
the BBIG cations observed 1n the BBIG-S04 crystals (FIG.
1C), so that the closest intercationic contacts are between the
terminal N atoms of the guanidinium groups (-1.31 charge)
and the C atoms of the imine groups (+0.77 charge), and
between the imine N atoms (-0.75 charge) and the C atoms
of the Ph ring (+0.21, +0.13 charges). It thus appears that the
stacking of the BBIG cations 1n these crystals 1s determined
to a large extent by complementary electrostatic attractions
between positive and negative regions of the planar cations.
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[0077] Consistent with the measured aqueous solubilities
that showed the sulfate salt was the least soluble m the
series, crystallization of BBIG-SO, from an aqueous mix-
ture containing chloride (0.1M), nitrate (0.07M), and sulfate
(0.034M) proved highly selective, resulting in exclusive
separation of the sulfate anion in quantitative yield. The
BBIG compound was easily recovered by deprotonation of
the guanidintum groups with 10% aqueous NaOH, which
resulted 1n crystallization of the neutral BBIG compound in
93% vield. The compound can be recycled by converting it
back into the cationic form with aqueous HCI. The overall
sulfate separation cycle 1s provided in FIG. 4.

[0078] To demonstrate the real-world utility of this sulfate
separation method, the removal of sulfate from seawater by
selective crystallization of BBIG-SO, was attempted. The
presence ol relatively high concentrations of sulfate in
seawater (~30 mM) poses significant scale problems in o1l
field mmjection operations. Once formed, the sulfate scale
deposits (as CaSO,, SrSO,, and BaSO,) are diflicult to
remove and cause major operational problems with high
remedial costs, and in some cases, result in irreversible
damage and well shutdown. It 1s, therefore, highly desirable
to prevent the scale problems by removing sulfate from
seawater.

[0079] Table 2, below, shows the results from the sulfate
separation from seawater by crystallization of BBIG-50,.
The sulfate concentration in solution was monitored by
using radiolabeled Na,>”SO, and f liquid scintillation
counting, an analytical method typically used in liquid-
liguid extractions, and recently demonstrated to also be
cllective 1n crystallization-based sulfate separations (R. Cus-
telcean, et al., Cryst. Growth Des. 2015, 15, 517). Crystal-
lization of BBIG-SO, from seawater proved very eflicient,
with 99% of suliate being removed by using only 1.5 molar
equivalents of the BBIG cation.

TABLE 2

Sulfate separation from seawater?

Amount of
BBIG [SO,°7] left SO, removed
[equiv]® [mM]*® [7o]
1 3.5 88
1.1 1.6 95
1.5 0.3 99
2 0.3 99

“Seawater from the Gulf Stream; the initial sulfate concentration was estimated at 30 mm
by titration with BaCls;
olar equivalents of the BBIG dichloride salt added relative to the sulfate in seawater.

ECD%&Spﬂﬂdiﬂg sulfate concentration left in the seawater, measured by using radiolabeled
Na, 504 and p liquid seintillation counting

[0080] The above experimental results demonstrate an
cllective approach to aqueous sulfate separation by selective
crystallization using an 1mine-linked bis-guanidinium com-
pound self-assembled 1n situ from simple building blocks.
The high sulfate crystallization efliciency stems from the
exceptionally low aqueous solubility of the BBIG-SO,, sallt,
which 1s signmificantly lower than the aqueous solubility of
most, 1 not all, known organic sulfate salts, and comparable
to that of BaSO,. Furthermore, compared to precipitation
with BaCl,, the crystallization-based approach described
here offers a greener alternative to aqueous sulfate separa-
tion that circumvents the use of toxic barium.

[0081] An mmportant factor in the stability of the BBIG-

SO, crystals appears to be the favorable stacking of the ngid
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and planar bis-iminoguanidinium cations, which are
arranged to optimize the electrostatic attraction between the
positive and negative areas ol the cationic compounds.
Another structural factor likely to play a key role 1n the low
solubility of the BBIG-S0, crystals and the high sulfate
crystallization selectivity 1s the sequestration of the sulf:

ate
anions as [(SO.),(H,0).]*" clusters and their complemen-
tary hydrogen bonding by the guanidinium groups. How-
ever, ultimately, the BBIG-SO, crystallization 1s entropy
driven, presumably reflecting the entropically favorable
release of water molecules from the strongly hydrated
sulfate anions and the planar BBIG cations. Thus, this
example of selective sulfate crystallization as sulfate-water
clusters represents a complex recognition phenomenon that
extends far beyond the simple lock-and-key principle com-
monly mvoked in supramolecular chemistry. The selective
crystallization imvolves a multitude of factors, including the
mutual recognition of molecular and 10nic components, a
fine interplay of enthalpy and entropy, and a series of
binding, self-assembly, and solvent exchange events that
lead 1n the end to the nucleation and growth of highly
insoluble crystals.

[0082] Compounds (1) and (2), 1n particular, exhibit very
high degrees of separation of sulfate from seawater. The
results are shown 1n Table 3, below.

Cle H
& N N NI,
NH, \/O/\N \l_r
)-l\ N NH;
I,N NT X ®
H Cl
©
>
Cl
® ®
NI, ‘ X NI,
)’I\ N F N )J\
N NT X NN NIL,
H H
Cl
TABLE 3

Sulfate removal abilities of Compounds 1 and 2

Initial Sulfate

(mmol/L) 1 (mmol/L) % Sulfate Removed Sulfate Left (mg/L)
30 15 40.8 1706
30 15 41.8 1676
30 30 88.0 347
30 30 8.7 326
30 33 95.6 128
30 33 93.6 185
30 45 99.0 28
30 45 98.9 30
30 60 98.9 31
30 60 98.9 31
Sulfate
(mmol/L) 2 (mmol/L) % Sulfate Removed Sulfate Left (mg/L)
30 15 48.41 1487
30 15 48.57 1482
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TABLE 3-continued

Sulfate removal abilities of Compounds 1 and 2

30 30 93.28 194
30 30 94.41 161
30 33 99.72 8
30 33 99.60 12
30 45 99.94 1.7
30 45 09.94 1.7
30 60 99.95 1.5
30 60U 09.95 1.5
[0083] The invention can be broadly applied to sulfate

removal from aqueous solutions of various compositions, as
well as from 1nsoluble solids (e.g., sulfate scale) or solid
suspensions (e.g., sulfate-containing solid suspensions in
blackstrap molasses). Dissolution of insoluble sulfate salts,
such as calcium sulfate (CaSO,), can be achieved i a
two-step process consisting of sequential dissolution of
calcium and sulfate 1ons.

[0084] An example of sulfate removal from a calcium
sulfate suspension 1s shown schematically in FIG. 3. In the
first step, the initial CaSO, solid 1s treated with an aqueous
chloride salt of the compound that results in crystallization
of the guanidinium sulfate salt and release of the calcium
ions 1n solution, as soluble CaCl,. In the second step, the
insoluble guanidinium sulfate salt 1s treated with sodium
hydroxide base to neutralize the guanidinium cations and
release the sulfate 10ns 1n solution, as soluble Na,SO,. The
resulting solid guamdine compound 1s then recycled and
converted back ito guanidinium chloride with aqueous
HC, so 1t can be reused 1n another CaSQO,, dissolution cycle.
Thus, the entire process 1s done 1n water (no organic solvents
used), and the only chemicals consumed in the overall
process are NaOH and HCI, resulting in two aqueous waste
streams consisting of calctum chloride and sodium suliate.
The unique aspect of this invention 1s the employment of a
crystallization process to achieve dissolution of CaSO,.
Also, this approach 1s based on anion chelation by guani-
dinium groups rather than the more common metal chela-
tion, which may be prone to interference from other metals
in solution. The particular process shown 1n FIG. 5 employs
the 1,4-benzene-bis(iminoguanidine) compound (BBIG)
that has herein been found to form a sulfate salt (BBIG-S04)
of extremely low aqueous solubility. Single crystal X-ray
diffraction indicated that this salt 1s hydrated by two water
molecules 1n the crystalline state (FIG. 1A). The water-
soluble chloride salt of this gunanidine compound (BBIG-Cl)
reacts with a suspension of CaSO, in water and forms
crystalline BBIG-SO,, while the calcium cations are
released 1nto the aqueous solution as CaCl,. In the prelimi-
nary tests, the reaction was run overnight at room tempera-
ture and pH 6-7, and was monitored by powder X-ray
diffraction, which confirmed the complete conversion of
solid CaSO,(H,0), into crystalline BBIG-SO,(H,O),. Sub-
sequently, the crystals of BBIG-SO, were suspended 1n 10%
aqueous sodium hydroxide and stirred at room temperature
for two hours to yield solid BBIG (confirmed by X-ray
diffraction as BBIG(H,O),) and aqueous sodium sulfate.
Finally, the recovered BBIG was converted back into the
chlonide salt by treatment with aqueous hydrochloric acid
and recycled for another CaSQO, dissolution cycle.

[0085] Direct Air Capture of Carbon Dioxide

[0086] Negative emissions, 1.€. the net removal of green-
house gases from the atmosphere, are now considered essen-
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tial for stabilizing the global temperature at an optimal level.
Direct air capture (DAC) of carbon dioxide from ambient air
1s one of the few available options for lowering the atmo-
spheric CO, concentration, but existing technologies tend to
be energy demanding and prohibitively expensive. Herein
we report an eflective and sustainable approach to DAC
using the above-described bis-iminoguanidine and bis-1mi-
noguanidinium compounds according to Formulas (1) and
(1a), and more specifically, compounds 1 and 2.

[0087] Direct air capture of CO, with glycine and sar-
cosine: The CO, absorption from air was carried out with an
Envion Humidiheat™ household air humidifier. The
humidifier consists of a reservoir with a capacity of ~2 L, a
rotating wick, which 1s made of a porous fabric that absorbs
the liquid from the reservoir and provides a larger surface
area, and a fan. The reservoir was filled with 1.5 LL aqueous
solutions of glycine or sarcosine (1 M) and KOH (1 M) and
the fan was run on slow setting, corresponding to an air flow
rate of 3.8+0.2 m/s. The capture experiments were run at
ambient temperature (21+x1° C.). However because of the
water evaporation, the solution temperature was lower,
averaging 16x1° C. The reservoir was replenished periodi-
cally with H,O to compensate for the evaporated water (on
average the evaporation rate was 100 ml/h) and keep the
amino acid concentration as constant as possible. The
change 1n the pH of the amino acid solution was monitored
in situ with a glass electrode. The amount of CO, absorbed
was monitored by withdrawing 300 ul. samples and analyz-
ing their carbonate and carbamate content by 1on chroma-
tography (IC) and '"H NMR spectroscopy, respectively. For
NMR analyses, 900 uL. of D,O was added to 100 uL of the
samples, whereas for the IC analyses, the samples were
diluted 10-300 fold to bring the carbonate concentration 1n
the 30-300 ppm range.

[0088] Regeneration of the amino acid sorbents with
PyBIG: All regenerations were carried out at 25° C. in a
thermostated oven. The amino acid solutions (5 mL) were
placed 1n 15 mL polypropylene centrifuge tubes and PyBIG.
2.5H,0 was added as a solid. The amount of PyBIG added
varied with the CO, loading of the solution; the optimum
amount was found to be 0.5 molar equivalents relative to the
CO, absorbed (moles CO2/moles PyBIG=2). The resulting
suspensions were mixed on a rotating wheel at 60 rpm to
allow for a good contact between the two phases. Sub-
samples were withdrawn hourly for the first 4 hours and then
overnight. Each time, the tubes were centrifuged at 4000
rpm for 3 to 4 minutes depending on the thickness of the
slurry. 50 ul of solution was then withdrawn using a
micropipette to prepare the NMR and IC samples. For NMR
analyses, 10 uL of the recovered solutions were mixed with

500 uL of D,0O, and for IC analyses, 5-10 uL of the solutions
were diluted with 900 to 930 uL. of H,O. At the end of the
regenerations, the final solids were filtered and analyzed by

PXRD for phase identification.

[0089] Carbon dioxide release and regeneration of PyBIG
using concentrated solar power: The CO, release from the
PyBIGH,(CO,)(H,O), crystals was carried out by solar
heating with a solar oven. The oven consists of a vacuum-
insulated borosilicate tube placed in the focal point of two
adjustable parabolic retlectors. The temperature inside the
tube was monitored with a thermocouple. The PyBIGH,
(CO,)(H,0O), samples (0.038 g, 0.1 mmol) were loaded 1n 1
mL glass vials, which were placed inside the oven tube. The
solar oven was then placed in the full sun and oriented to
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capture the maximum amount of sunlight. The temperature
was ramped to the targeted values of 120° C., 140° C., 150°
C., or 160° C. as fast as possible (typically within 3 to 10
minutes), then held within £2° C. by intermittently moving,
the oven out of the sun, or/and closing the reflectors. The
samples were subsequently removed from the tube, allowed
to cool to room temperature, and weighed to determine their
mass loss. The resulting yellow solids were analyzed by
FTIR to confirm the disappearance of the carbonate and
water peaks.

[0090] Preliminary results indicated that aqueous 2,6-
pyridine-bis(iminoguamdine) (PyBIG) captures CO, from
ambient air and binds 1t as a crystalline tetrahydrated car-
bonate salt PyBIGH,(CO,)(H,O),. The CO, can be released

by heating the carbonate crystals at relatively mild tempera-
tures of 80-120° C., which regenerates the PyBIG compound

quantitatively. A general schematic of the process 1s shown
in FIG. 6. Examination of the PyBIGH,(CO,)(H,O), crys-

tals by optical microscopy revealed that, upon heating in an
oven at 120° C. for one hour, the crystals changed their color
from cream to yellow to opaque. Thermogravimetric analy-
s1s coupled with mass spectrometry (TGA-MS) provided a
more quantitative picture of the decomposition process. In a
temperature-ramped TGA measurement, the PyBIGH,
(CO3)(H,0O), crystals lost 35.2% of their mass between 65

and 140° C., and the MS analysis confirmed the simultane-
ous evolution of water and CO,. These measurements are
consistent with the loss of one carbonate and two protons (as
CO, and H,O), and four additional water molecules, as
expected from the crystal structure of PyBIGH,(CO,)
(H,O), (35.1% theoretical mass loss). Siumilarly, the mass
loss of the crystals heated in the oven for one hour at 120°
C. (vide supra) was 34.3%, and the FTIR and NMR spec-
troscopic analysis of the resulting solid confirmed the com-
plete disappearance of the carbonate peak and the regenera-
tion of the anhydrous PyBIG compound. The TGA-MS
analysis showed no decomposition of the regenerated com-
pound up to 190° C., which provides a thermal stability
window of at least 50° C. for compound recovery. Isother-
mal TGA runs at 120 and 100° C. showed complete loss of
carbon dioxide and water after 60 and 150 minutes, respec-
tively, with no additional mass loss after 5 hours. On the
other hand, at 80° C. the decomposition reached 77%
completion after 300 minutes. This corresponds to about an
order of magnitude reduction in the decomposition tempera-
ture compared to 1norganic carbonates, such as Na,CO, or
CaCOQO,, mvolved 1n traditional DAC technologies.

[0091] The elementary steps involved 1n the CO.,, absorp-
tion and the overall reaction are represented by equations
1-7 as follows:

PyBIG, = PyBIG,,, (1)
PyBIG,,, +2 H,O = PyBIGH; , + 2HO, (2)
COx) = COxg) (3)
COxaq) +HO,,, > HCO3,, (4)
HCOj, + HO,,, = CO34, + H20 (5)
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-continued
PyBIGH;! , + CO3,, +4 H,O = PyBIGH,(CO;3)(H,0), (6)
P}’BIGS) + COz(g) +5 H,O - P}’BIGHZ (COg)(HzO)4(S) (7)

[0092] The crystalline PyBIG compound (as PyBIG.
2H20 hydrate) first dissolves into water (equation 1), then
the two guanmidine groups become protonated by water
molecules, generating the dicationic form of the compound
(PyBIGH,**) and HO™ (equation 2). The hydroxide anions
are the actual active species that react with the CO, absorbed
from air (equation 3) and generate bicarbonate (equation 4)

and carbonate anions (equation 5). Finally, the PyBIGH,>*
and CO,*” ions crystallize with water into crystalline
PyBIGH,(CO,)(H,O), (equation 6). The net reaction,
shown 1n equation 7, corresponds to crystalline PyBIG
converting ito crystalline PyBIGH,(CO;)(H,O),, 1in the
presence of CO, and water, through dissolution/recrystalli-
zation.

[0093] Although PyBIG can capture CO, from ambient air
according to equation 7/, the reaction 1s too slow for practical
considerations. The kinetics of CO, absorption by aqueous
alkaline solutions, such as NaOH, have been found to be
limited by a combination of the CO, diffusion into the
aqueous solution (equation 3), and the reaction ot CO,, with
HO— (equation 4). Thus, the rate of CO, absorption 1is
controlled by the surface area of the air-liquid interface, and
the solution alkalinity. For a typical 1 M solution of NaOH,

the flux of CO, absorbed from air has been estimated around
30 umol/m2/s (Zeman F., Environ. Sci. Technol. 41, 7558-

7563, 2007). However, compared to NaOH, PyBIG 1S S1g-
niﬁcantly less alkaline. A saturated solution of PyBIG (~10
mM) has a pH of about 10, which corresponds to a rate of
CO, reaction that 1s at least a couple orders of magnitude
lower than for NaOH. Another constraint 1s that 1n a typical
crystallization set-up the air-liquid contact area 1s relatively
small, which further limits the CO,, absorption rate.

[0094] One possible solution to the slow CO, sorption
problem 1s to combine the PyBIG crystallization with a
traditional aqueous sorbent that absorbs atmospheric CO,
relatively fast and converts 1t into carbonate. The solution 1s
subsequently reacted with PyBIG to crystallize PyBIGH,
(CO;)(H,0), and regenerate the sorbent. Finally, the car-
bonate crystals are filtered out of solution and heated in the
solid state to release the CO, and regenerate the PyBIG
compound, which can then be reused 1n another cycle. FIG.
7A provides a general schematic of the above concept. The
advantage of such a hybnid approach to CO, capture, which
combines room temperature absorption 1n the liquid phase
with CO, release 1n the solid state, 1s that 1t benefits from the
fast sorption kinetics of an aqueous sorbent while avoiding
the energy penalty associated with heating aqueous solutions
during regeneration. Furthermore, sorbent loss through
evaporation and thermal degradation 1s minimized.

[0095] One approach to DAC with PyBIG 1s to combine
the crystallization of PyBIGH,(CO,)(H,0), with the well-
established carbonate/bicarbonate CO, capture cycle. A gen-
eral schematic of the process 1s shown 1n FIG. 7B. The
chemical reactions occurring 1n the carbonate/bicarbonate
CO, capture cycle are shown 1n the following equations:

CO;* +CO,+H,0—2 HCO;~ (Eq. 1)
PyBIG(5)+2HCO3 ~+4H,0—PyBIGH,(CO;)(H,0),
+CO2~ (Eq. 2)
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[0096] In this approach, CO, sorption by an alkali carbon-
ate solution (Eqg.1) 1s followed by the reaction of the
resulting bicarbonate with PyBIG to crystallize PyBIGH,
(CO3)(H,0O), and regenerate the carbonate sorbent (Eq.2).
Finally, thermal decomposition of PyBIGH,(CO,)(H,O),
regenerates the PyBIG compound and releases the CO,. To
demonstrate the feasibility of this approach, solid PyBIG (1
mol equiv) was suspended 1n a solution of 1 M NaHCO, (5-6
mol equiv) and the slurry was stirred at room temperature for
four hours. The resulting mixture was filtered, and the
separated crystalline solid was confirmed by PXRD and
FTIR to be PyBIGH,(CO,)(H,O),. Subsequent heating of
the carbonate crystals 1n the oven for one hour at 120° C.
regenerated the PyBIG solid, which was recycled back into
the original sodium bicarbonate solution. The entire carbon-
ate separation cycle was run three times, with observed

yields for PyBIGH,(CO;)(H,O), crystallization of 99.0z0.
4%, 97.2+0.6%, and 91.4+0.4%, corresponding to the first,
second, and third cycle, respectively. The regeneration of the
PyBIG compound was nearly quantitative in each cycle. The
slight decrease 1n the crystallization yield observed in the
later cycles 1s explained by the gradual increase in the
solution alkalinity (1initial pH 8.5, final pH 10.5) as a result
of the increasing CO,*/HCO," ratio. As more bicarbonate
1s converted into carbonate 1 each subsequent cycle,
according to Eq. 2, the pH of the solution should eventually
become high enough to inhibit the protonation of PyBIG,
thereby decreasing the driving force for the crystallization of
PyBIGH,(CO,)(H,O),. This 1s corroborated by the FTIR
analysis of the 1solated solid, which showed preponderantly
the carbonate phase after the first two cycles, but a mixture
of carbonate and free PyBIG compound after the third cycle.

[0097] After considering several potential sorbents, two
simple amino acids, glycine and sarcosine, were selected for
the DAC system. Aqueous amino acids have a number of
positive attributes that make them promising candidates for
DAC. They have fast CO, sorption kinetics, on par with or
surpassing more traditional sorbents like monoethanolamine
or NaOH. Amino acids are non-volatile, non-corrosive,
environmentally friendly, and relatively mexpensive. They
are also less susceptible to oxidation than amines. While
amino acid sorbents have been employed 1n CO, scrubbing

from flue gas, their use 1 DAC remains unexplored. The
chemical reactions involved in the CO, absorption with
amino acids and in the sorbent regeneration with PyBIG are
depicted 1n equations 8-10 below, using glycine as a repre-
sentative example.

(8)
O

2 HzN\)'I\ T COx¢g) —

O (ag)
O O

H
"O0C

O (ag)
(9)

O (ag)
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-continued
O

HzN\)‘\ _

) + HCO‘3
O (ad) (ag)
(10)

PyBIG(g) -+ HCO‘3 (aq) +
O
H3N+\)‘\ + 4 H>O

PyBIGHz(C 03) (H20)4(g) -+ HzN\)]\

[0098] First, the anionic form of glycine (glycinate) reacts
with CO, and generates the corresponding carbamic acid,
which 1s deprotonated by a second equivalent of glycine to
generate the carbamate and the zwiterionic glycine (equation
8). The carbamate 1s subsequently hydrolyzed to glycinate
and bicarbonate (equation 9). Finally, PyBIG deprotonates
the bicarbonate and the zwiterionic glycine and crystallizes
as PyBIGH,(CO,)(H,O), while regenerating the glycinate
sorbent (equation 10). Note that adding the three reactions
together leads to the same overall reaction represented by
equation 7. However, the kinetics of the amino acid-medi-

ated DAC process are expected to be significantly faster than
with PyBIG alone.

[0099] In addition to fast kinetics for the CO, reaction
with the sorbent, a practical DAC system requires eflective
mass transter of CO, from air into the sorbent solution,
which 1n turn requires an eflicient contactor that maximizes
the air-liquid interfacial area. Unlike CO, capture from flue
gas, which 1s typically done with a packed absorption
column that 1s designed to operate at high liquid/gas ratios
and with a high degree of CO, removal, DAC i1s more
suitably done 1n a more open system with contactors that are
optimized to 1ngest large volumes of ambient air, 1n many
ways similar 1in design with large-scale cooling towers. For
the purpose of this study, which 1s a small-scale proof of
principle for DAC with the amino acid/guanidine system, a
household humidifier was used as an air-liquid contactor.
Like a cooling tower, an air humidifier 1s designed to
maximize the air-water contact area, and by replacing the
water with an amino acid solution, 1t effectively becomes a

DAC absorber.

[0100] Thermodynamic Analysis

[0101] Once the basic design elements were established,
the next important step was to determine the thermodynam-
ics of the CO, absorption and desorption, as well as of
sorbent regeneration, which define the energy and efliciency
boundaries for the DAC system. The energetics of the CO,
absorption (equation 7) can be obtained by adding up the
energetics of the elementary reactions represented by equa-
tions 1-6. The enthalpies of CO, hydration (equation 3) and
of reaction with HO— to generate bicarbonate (equation 4)
are already known. The heat of bicarbonate deprotonation by
HO— to make CO,*" (equation 5) can also be calculated
from published thermodynamic data on carbonate protona-
tion and water 1onization. The remaining enthalpies for the
reactions mvolving PyBIG and PyBIGH,(CO,)(H,O), were
determined as part of this study. The enthalpies of PyBIG
dissolution (equation 1) and PyBIGH,(CO,)(H,O), crystal-

lization (equation 6) were obtained by variable-temperature

O (ag)
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solubility measurements of the two solids and van’t Hofl
analyses). Finally, the enthalpies of PyBIG protonation
(equation 2) were obtained from variable-temperature pKa
measurements by potentiometric titrations and van’t Hoil
analyses. The corresponding AH values for reactions 1-6 are
listed 1n Table 4 below. Adding up these values results 1n an
overall enthalpy of CO, absorption by PyBIG of -70.7
kJ/mol.

TABLE 4

Reaction enthalpies for the corresponding elementary steps mvolved
in DAC with PyBIG.

Reaction AH (kJ/mol) Reference
1 42.5 This study
2 43.6% This study
3 -19.4 29
4 -50 30
5 -40.4 31, 32
6 -47 This study

“The enthalpy for reaction 2 1s composed of the sum of the first (=31 kl/mol) and second
(—37 kl/mol) protonation enthalpies of PyBIG minus twice the enthalpy of 1onization of

water (35.8 kl/mol).

[0102] Although the CO, desorption could theoretically be
achieved by running reactions 1-6 in reverse order according
to the principle of microscopic reversibility, in reality it
would not be feasible as reaction 4 1s practically irreversible.
Such an approach would also defeat the purpose of avoiding
heating the aqueous sorbent. Instead, once the loading 1s
complete, the crystalline PyBIGH,(CO,)(H,O), 1s removed
from solution and heated in the solid state to release the CO,
gas and the water vapors. Given the completely different
conditions ivolved, such a gas-solid process must have
different energetics compared to the gas-liquid-solid process
involved 1n CO, absorption. In order to determine the
enthalpy of CO, release, differential scanning calorimetry
(DSC) was employed. DSC 1s a common technique used 1n
thermal analysis of solids. The DSC curve (showed a series
ol endothermic events between 80 and 140° C., correspond-
ing to the release of water and CO, as previously found by
thermogravimetric analysis (Seipp et al., Angew. Chem. Int.
Ed. 56, 1042-1045, 2017). Unfortunately, the extensive
overlap between the peaks prevented a determination of the
heats associated with each thermal event. Instead, all the
peaks were integrated together to obtain the overall enthalpy
of desorption for PyBIGH,(CO;)(H,O),, which amounts to
223+4 kl/mol. While the overall reaction 1s highly endo-
thermic, 1t must be taken into account that for each mole of
CO, released, there are five moles of water that need to be
vaporized. As the enthalpy of vaporization for water 1s 40.65
kJ/mol, more than 90% of the enthalpy of desorption 1s used
for water evaporation. This represents a significant energy
penalty that must be accounted for, and which encourages
the use of renewable sources of energy, such as concentrated
solar power (vide 1nira), to make the overall DAC process
energy more sustainable.

[0103] In addition to the enthalpies of CO2 absorption and
release, another important thermodynamic parameter 1s the
equilibrium constant for the amino acid regeneratlon reac-
tion (equation 10), which defines the efliciency limit for
sorbent regeneration. In the regeneration reaction, the solid
PyBIG has to dissolve into the sorbent solution, deprotonate
the amino acid and the bicarbonate 1on, and crystallize as

PyBIGH,(CO,)(H,O),. In the case of the glycine sorbent,

May 17, 2018

the equilibrium constant for the regeneration reaction (log
Kreg) 1s defined by equation 11 as follows:

log K, =log K _(PyBIG)-log K_,(PyBIGH,)(CO3)

(H50)4)-pK,(Gly)-pK (HCO; )+pK,, (Py-
BIG)+pK_,(PyBIG) (11)

[0104] Thus, the amino acid regeneration 1s driven by the
difference 1n solubility between PyBIG and PyBIGH,(CO,)
(H,O),, as well as the difference 1n basicity between glycine
and bicarbonate on one hand, and PyBIG on the other hand.
The pKa values at 25° C. for the two guanidinium groups of
PyBIG, determined by potentiometric titration, are 7.6 and
8.7. On the other hand, the pKa values of glycine and
bicarbonate are 9.5 and 10.3, respectively (Yang N. et al.,
Ind. Eng. Chem. Res. 53, 12848-12855, 2014). Thus, PyBIG
1s not sufliciently basic to drive the regeneration equilibrium
to the right, and therefore the main driving force has to come
from the solubility difference between PyBIG and PyBIGH,,
(CO,)(H,0),. A preliminary estimated value of 1.0x107* is
given for the solubility product of PyBIGH,(CO,)(H,O),.
As part of this study, determination of a more accurate value
became possible as the exact speciation of PyBIG 1n solution
could now be obtained based on the measured pKa values of
PyBIG, resulting in a revised K, for PyBIGH,(CO;)(H,0),
of 1.0+0.3x107° at 25° C. Thls corresponds to a very
insoluble carbonate salt, on a par with the natural calcite
mineral (K, =3. 3x107°). By companson the measured K,
of PyBIG at the same temperature is 1.0+0.3x10~= Thus
under 1deal conditions, log K, .=3.5, which predicts a very
ellicient amino acid regeneration. However, under realistic
conditions 1nvolving high 1onic strength solutions that can
significantly 1mpact the solubilities of the various species
involved through 1on pairing, salting out, etc., the observed
regeneration efliciency may actually be less than ideal.

[0105] Carbon Dioxide Absorption with Aqueous Glycine
and Sarcosine
[0106] The direct air capture of CO,, 1n this study was done

with an air humidifier shown using aqueous amino acid
sorbents (as potassium salts). The loading of CO,, into 1 M
aqueous solutions of potasstum glycinate and sarcosinate as
a function of time 1s shown 1n FIG. 8. The extent of CO,

absorption was monitored in situ by pH measurements, and
ex situ by IC and 'H NMR to determine the amounts of

carbonate and carbamate formed. The sorption experiments

were run for 24 hours and the results are summarized in
Table 5 below.

TABLE 5

Carbon dioxide loading values for 1M aqueous solutions of
potassium glycinate and sarcosinate after 24 hours

pH Carbonate Carbamate
Sorbent (initial/final) (M) (M) Total CO, (M)
Glycine (1M) 12.31/9.52 0.46 0.27 0.73
Sarcosine (1M)  12.92/9.99 0.46 0.17 0.63

[0107] The mmtial CO, absorption rate 1s slightly higher for
sarcosine than glycine, possibly reflecting the more alkaline
nature of the former. However, the absorption rate for
sarcosine slows down considerably and levels off after about
6 hours, while the corresponding absorption rate for glycine
slows down more gradually. While the reaction rates of CO,
with both sarcosine and glycine are expected to be quite high

(18.6 and 13.9 kM/s, respectively, at 25° C.), the much
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slower rates of CO,, absorption observed presumably reflect
the relatively limited (<1 m?®) air-water interfacial area
available with the air humidifier employed in this study.
After 24 hours, the total CO, loading for glycine (0.73
mol/mol) was slightly higher than for sarcosine (0.63 mol/
mol). The difference can be accounted for by the larger
amount of carbamate formed with glycine (0.27 M) com-
pared to sarcosine (0.17 M).

[0108] Sorbent Regeneration by Carbonate Crystallization
with PyBIG
[0109] The CO,-loaded sorbents were stirred with a sus-

pension of PyBIG (0.5 molar equivalents relative to CO, ) at
room temperature, which resulted in crystallization of
PyBIGH,(CO,)H,O), and regeneration ol the anionic
forms of the amino acids, according to equation 10. The
formation of crystalline PyBIGH,(CO,)(H,O), was con-
firmed by powder X-ray difiraction (PXRD), which revealed
after 24 hours a mixture of PyBIG.2.5H,0 and the carbonate
salt. The concentrations of carbonate and carbamate in the
amino acid solutions were monitored by IC and NMR,
respectively, and the decrease in total CO, loading as a
function of time 1s plotted 1n FIG. 9. The results after 24
hours regeneration time are summarized in Table 6 below.

TABLE 6

Regeneration results for the 1M aqueous solutions of potassium
glycinate and sarcosinate after stirring with a suspension

of PvBIG (0.5 molar equiv) for 24 hours.

Carbonate Carbamate Total
Sorbent pH (initial/final) (M) (M) CO, (M)
Glycine (1M) 9.63/10.33 0.33 0.05 0.38
Sarcosine (1M) 90.99/10.53 0.29 0.03 0.32

[0110] Most of the CO, from each sorbent 1s released
within an hour, and longer regeneration times only led to
marginal improvements. The cyclic capacity, defined as the
difference between the maximum CO, loading observed
after absorption and the minimum CO, loading measured
alter regeneration, 1s 0.35 and 0.31 mol/mol for the glycine
and sarcosine sorbents, respectively.

[0111] Regeneration of the amino acid sorbents can also be
achieved 1n a traditional fashion, by boiling the aqueous
solutions under retlux. After one hour of refluxing, the total
CO, concentrations in the glycine and sarcosine sorbents
dropped to 0.42 and 0.32 M, respectively, which are com-
parable with the corresponding values observed in the
regenerations using PyBIG. With longer reaction times the
regeneration under reflux outperforms the regeneration with
PyBIG, with the total CO, concentrations in solution drop-
ping to 0.26 and 0.17 M after 4 hours of retluxing the glycine
and sarcosine solutions, respectively. However, such long
refluxing times are expected to come at a cost in terms of
energy consumption and sorbent degradation.

[0112] Carbon Dioxide Release and Regeneration of the
PyBIG Compound with Concentrated Solar Power

[0113] This preliminary study indicated that the PyBIGH,
(CO,)(H,0O), crystals release the CO, and water vapor upon
mild heating at temperatures of 80-120° C., and regenerate
the PyBIG compound quantitatively. However, considering,
this transformation 1s highly endothermic, the possibility of
using concentrated solar power to render the process more
energy sustainable was explored. For the 1nitial small-scale
prool of concept, a solar oven (FIG. 6) was used to heat the
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PyBIGH,(CO,)(H,0O), samples (38 mg, 0.1 mmol) at four
different temperatures ranging between 120 and 160° C.,
monitoring the extent of the reactions by the samples’
weilght loss (Table 7 below). FTIR analyses also corrobo-
rated the release of CO,, most evidently noticeable by the
disappearance of the strong peak at 1361 cm™' correspond-
ing to the stretching mode of the carbonate anion. Thus,
these results demonstrate that concentrated solar power can
eftectively release the CO, from the carbonate crystals and
regenerate the PyBIG compound quantitatively.

TABLE 7

CO2 release from PyBIGH,(CO;)(H,0), and regeneration of PyBIG
by heating with concentrated solar power. All measurements
were done with 38 mg (0.1 mmol) samples. The theoretical

welght loss for a quantitative yield 1s 13.4 mg (35.1%), corresponding

to 0.1 mmol CO, and 0.5 mmol H,O. Experimental uncertainties:
T=+2°C.: Am = =1 mg (£2.6%)

T (°C.) Heating time (min) Am (mg) Am/m; (%)
120 30 —-12 -31.6
140 10 —-13 —34.2
150 S —-12 -31.6
160 2 —-14 —36.8
CONCLUSIONS
[0114] This study demonstrated a small-scale DAC system

using simple, off-the-shelf equipment and readily available
chemicals. Effective CO,, absorption with aqueous glycine
and sarcosine sorbents using a household humidifier was
followed by room temperature crystallization of a guani-
dinium carbonate salt of very low aqueous solubility, and
CO, desorption from the carbonate crystals using concen-
trated solar power. This approach combines the benefits of
an aqueous sorbent, such as fast CO, absorption rates, easy
handling, and low maintenance, with the advantages of
solid-state CO, desorption that avoids much of the energy
penalty associated with heating and evaporating aqueous
solutions, and minimizes sorbent degradation. Furthermore,
the amino acid sorbents offer an environmentally friendly
alternative to the more traditional sorbents, such as amines
or NaOH. In addition to demonstrating the initial proof-oi-
concept, this study also 1dentified a number of limitations for
the current DAC system and provided guidelines for the
design and optimization of future DAC technologies. First,
while the amino acid sorbents react fast with CO,, the air
humidifier used in this study is not optimized for DAC as 1t
provides a relatively small air-water interfacial area, which
limits the overall CO, uptake rate. Also, as designed, the
humidifier evaporates large amounts of water, which in the
case of DAC 1s a disadvantage. Combining the amino acid
sorbents with better air-liquid contactors that optimize the
air-water interfacial area and minimize the water loss may
lead to more eflicient DAC systems. Second, while sorbent
regeneration and carbonate crystallization with PyBIG 1s
adequate, with observed cyclic capacities of 0.3-0.35 mol/
mol, the regeneration process could be significantly
improved by replacing the PyBIG compound with a more
soluble and more alkaline (higher pKa for the guanidine
groups) analogue that would push the equilibrium for the
regeneration reaction further to the right, according to equa-
tion 11. Finally, although the CO, desorption from crystal-
line PyBIGH,(CO,)(H,O), avoids much of the energy pen-
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alty associated with heating and evaporating aqueous
solutions, the enthalpy of desorption of the carbonate crys-
tals 1s strongly endothermic, mainly due to the inclusion of
water 1n the crystals. Engineering carbonate crystals that are
anhydrous, or can release the CO, at lower temperatures to
avoild water vaporization, may improve the energy efliciency
of the DAC process. On the other hand, employing renew-
able energy sources, such as concentrated solar power, as
demonstrated 1n this study, or low-grade waste heat, may
alleviate much of this issue.

[0115] Whule there have been shown and described what
are at present considered the preferred embodiments of the
invention, those skilled 1n the art may make various changes
and modifications which remain within the scope of the
invention defined by the appended claims.

What 1s claimed 1s:
1. A compound having the following composition:

(1)

NH HN
NHE% >~—NH2
HN—N N—NH

\_,_ 7

wherein A 1s a ring-containing moiety; one or more of the
hydrogen atoms 1n Formula (1) may be replaced with
one or more methyl groups; and wherein Formula (1)
optionally further comprises salt forms of the structure

of Formula (1).
2. The compound of claim 1, wherein the compound of
Formula (1) 1s a salt form having the following composition:

(la)
NH,* LN

NHE% >~—NH2

HN—N N—NH

\\— A J n X"

wherein:

A 1s a ring-contaiming moiety;

X™ 1s an anionic species with a magnitude of charge m,

where m 1s an integer of at least 1; and

n 1s an integer of at least 1;

provided that nxm=2.

3. The compound of claim 1, wherein A 1s a monocyclic
ring.

4. The compound of claim 3, wherein said monocyclic
ring 1s a five-membered, six-membered, or seven-membered
ring.

5. The compound of claim 1, wherein A 1s a carbocyclic
ring or ring system.

6. The compound of claim 5, wherein said carbocyclic
ring or ring system 1s unsaturated.

7. The compound of claim 6, wheremn A comprises a
benzene ring.

8. The compound of claim 1, wherein A 1s a heterocyclic
ring or ring system.

9. The compound of claim 8, wherein said heterocyclic
ring or ring system 1s unsaturated.
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10. The compound of claim 8, wherein said heterocyclic
ring or ring system contains at least one nitrogen ring atom.
11. The compound of claim 10, wherein A comprises a
pyridine ring.
12. The compound of claim 2, wherein X™" 1s a halide or
nitrate.
13. The compound of claim 2, wherein X™~ 1s sulfate.
14. The compound of claim 2, wherein X~ 1s carbonate
or bicarbonate.
15. A method for removing an oxyanion from an aqueous
source containing said oxyanion, the method comprising;:
(1) dissolving an oxyanion precipitating compound into
said aqueous source to result in precipitation of an
oxyanion salt of said oxyanion precipitating com-
pound; and
(11) removing said oxyanion salt from said water contain-
ing the oxyanion to result in water substantially
reduced in concentration of said oxyanion;

wherein said oxyamion precipitating compound has the
following composition:

(1a)

NIL* LN
NHQ% >—NH2
IN—N N—NI

\\ A // nX"

wherein:

A 1s a ring-containing moiety;

one or more of the hydrogen atoms 1n Formula (1) may be
replaced with one or more methyl groups;

X™” 1s an amionic species with a magnitude of charge m.,
where m 1s an integer of at least 1, provided that X™~
1s an anionic species exchangeable with the oxyanion 1n
said aqueous source before said oxyanion precipitating,
compound contacts said oxyanion in step (1), and X"~
1s said oxyanion in the oxyanion salt of said oxyanion
precipitating compound; and

n 1s an integer of at least 1;

provided that nxm=2.

16. The method of claim 15, wherein said oxyanion 1s
selected from the group consisting of sulfate, nitrate, chro-
mate, selenate, phosphate, arsenate, carbonate, bicarbonate,
and perchlorate.

17. The method of claim 15, wherein said oxyanion 1s
sulfate.

18. The method of claim 15, wherein A 1s a monocyclic
ring.

19. The method of claim 15, wherein said monocyclic ring
1s a five-membered, six-membered, or seven-membered
ring.

20. The method of claim 15, wherein A 1s a carbocyclic
ring or ring system.

21. The method of claim 20, wherein said carbocyclic ring
or ring system 1s unsaturated.

22. The method of claim 21, wherein A comprises a
benzene ring.

23. The method of claim 15, wherein A 1s a heterocyclic
ring or ring system.

24. The method of claim 23, wherein said heterocyclic
ring or ring system 1s unsaturated.
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25. The method of claim 23, wherein said heterocyclic
ring or ring system contains at least one nitrogen ring atom.

26. The method of claim 25, wherein A comprises a
pyridine ring.

27. Amethod for removing carbon dioxide from a gaseous
source, the method comprising:

(1) contacting said gaseous source with an aqueous solu-
tion containing a carbon dioxide complexing com-
pound to result 1n precipitation of a carbonate or
bicarbonate salt of said carbon dioxide complexing
compound; and

(1) removing said carbonate or bicarbonate salt from said
aqueous solution;

wherein said carbon dioxide complexing compound has
the following composition:

(la)

NIH,* *HLN
NHz% >‘—NH2
HN—N N—NH

\\— A J n X"

wherein:

A 1s a ring-contaiming moiety;

one or more of the hydrogen atoms in Formula (1) may be
replaced with one or more methyl groups;
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X™ 1s an anionic species with a magnitude of charge m,
where m 1s an integer of at least 1, provided that X™
1s hydroxide 1n said carbon dioxide complexing com-
pound before said carbon dioxide complexing com-
pound 1s contacted with carbon dioxide 1n step (1), and
X™" 1s carbonate or bicarbonate in said carbonate or
bicarbonate salt; and

n 1s an integer of at least 1;

provided that nxm=2.

28. The method of claim 27, wheremn A 1s a monocyclic
ring.

29. The method of claim 28, wherein said monocyclic ring
1s a five-membered, six-membered, or seven-membered
ring.

30. The method of claim 27, wherein A 1s a carbocyclic
ring or ring system.

31. The method of claim 30, wherein said carbocyclic ring
or ring system 1s unsaturated.

32. The method of claim 31, wherein A comprises a
benzene ring.

33. The method of claim 27, wherein A 1s a heterocyclic
ring or ring system.

34. The method of claam 33, wherein said heterocyclic
ring or ring system 1s unsaturated.

35. The method of claim 33, wherein said heterocyclic
ring or ring system contains at least one nitrogen ring atom.

36. The method of claim 33, wherein A comprises a
pyridine ring.
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