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SYNTHESIS OF MAGNESIUM ADAMANTANE CARBOXYLIC SALTS AND OXIDE NANOCOMPOSITES

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
62/309,657 filed March 17, 2016, incorporated herein by reference.

BACKGROUND

Field

[0002] The present specification generally relates to magnesium diamondoid salts,
nanocomposites containing magnesium oxide derived from the salts, to systems and methods
including the salts or the nanocomposites, to polymer composites including the salts or the

nanocomposites.

Abbreviations

[0003] °C = Degrees Celsius

[0004] A= Angstroms

[0005] ACA = I-adamantane carboxylic acid
[0006] AC =adamantine carboxylate

[0007] cm = centimeter (10_2 meter)

[0008] EDX = Energy-dispersive X-ray

[0009] FWHM = full width at half maximum
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[0010] h =hours

[0011] HRTEM = High-resolution transmission electron microscopy
[0012] IR = Infrared

[0013] LDH = layered double hydroxide

[0014] um = micrometer (10_6 meter)

[0015] mL = milliliter (107 liter)

[0016] nm = nanometer (10_9 meter)

[0017] PXRD = Powder X-ray diffraction

[0018] SEM = Scanning electron microscopy
[0019] TEM = Transmission electron microscopy
[0020] TGA = Thermogravimetric analysis
[0021] TMO = Transition metal oxide

[0022]  wt.% = Weight percent

Technical Background

[0023]  Brucite is a naturally occurring mineral and is characterized by a close packing of
hydroxyl ions in which Mg2+ ions occupy alternating layers of octahedral sites, leading to a
stacking of charge-neutral metal hydroxide slabs of composition [Mg(OH),]. Each Mg2+ ion
is octahedrally surrounded by six OH™ ions. The octahedra share edges to form infinite layers

that are stacked, being stabilized by van der Waal’s interactions. Potential exploitation of
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these hydroxides has been limited, because the materials exhibit: (1) limited interlayer

chemistry; (2) low thermal stability; (3) a fixed layer composition; (4) no exfoliation.

[0024]  Despite known limitations of the material, Mg(OH), has many potential
applications in the field of catalysis, sorption, and nanocomposites’ for example. From a
catalysis and sorption point of view, MgO should ideally have high surface area, thermal
stability and reproducibility. Among all the bivalent divalent metal hydroxides, Mg(OH), has
an advantage over others because (a) it is cheap and economical, (b) it is easy to handle and
(c) it is environmentally friendly. The immediate challenge for materials chemistry is to
design and develop a-Mg(OH)./Mg(OH), based salts in which the crystals have large aspect
ratios (length to thickness) of greater than 1000, high thermal stability, and an ability to form

stable dispersions in various solvents.

[0025]  Accordingly, significant need exists for synthetic methods that provide
magnesium-based materials and composites of magnesium-based materials that are stable or
dispersible and that enable control of size, shape, and activity of the crystals of the
magnesium-based materials, particularly as precursors of reactive MgO. Further ongoing
need exists for systems, methods, and composite materials that include the magnesium

oxide/hydroxide materials.

SUMMARY

[0026] According some embodiments, a method for preparing a magnesium adamantane
carboxylate salt is provided. The method includes mixing a magnesium salt and a
diamondoid compound having at least one carboxylic acid moiety to form a reactant mixture.
Further, the method includes hydrothermally treating the reactant mixture at a reaction

temperature for a reaction time to form the magnesium adamantane carboxylate salt.

[0027]  According to further embodiments, a method for preparing a nanocomposite is
provided. = The method includes thermally decomposing a magnesium adamantane
carboxylate salt prepared according to embodiments of this disclosure to form the

nanocomposite.
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[0028]  According to further embodiments, a catalyst system is provided. The catalyst
system includes (a) a magnesium adamantane carboxylate salt prepared according to
embodiments of this disclosure; (b) a nanocomposite prepared according to embodiments of

this disclosure; or (c) a mixture of (a) and (b).

[0029]  According to further embodiments, a method for catalyzing a chemical reaction
between at least one first reactant and at least one second reactant is provided. The method
includes reacting the at least one first reactant and at least one second reactant in the presence

of a catalyst system according to embodiments of this disclosure.

[0030]  According to further embodiments, a method for catalyzing the decomposition of a
reactant is provided. The method includes decomposing the reactant in the presence of a

catalyst system according to embodiments of this disclosure.

[0031]  According to further embodiments, a polymer composite is provided. The polymer
composite includes at least one polymer or copolymer and at least one filler material
interspersed among the at least one polymer or copolymer to form a composite. The at least
one filler material is chosen from: (a) a magnesium adamantane carboxylate salt prepared
according to embodiments of the present disclosure; (b) a nanocomposite prepared according

to embodiments of this disclosure; or (c) a mixture of (a) and (b).

[0032] According to yet further embodiments, a system for removing a chemical
compound from a fluid stream is provided. The system includes an adsorbent chosen from:
(a) a magnesium adamantane carboxylate salt prepared according to embodiments of the
present disclosure, (b) a nanocomposite according to embodiments of the present disclosure,
or (¢) a mixture of (a) and (b). The system further includes a vessel in which or on which the

chemical compound in the fluid stream is contacted with the adsorbent.

[0033] Additional features and advantages of the embodiments described in this
specification will be set forth in the detailed description which follows, and in part will be

readily apparent to those skilled in the art from that description or recognized by practicing
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the embodiments described in this specification, including the detailed description which

follows, the claims, as well as the appended drawings.

[0034] It is to be understood that both the foregoing general description and the following
detailed description describe various embodiments and are intended to provide an overview
or framework for understanding the nature and character of the claimed subject matter. The
accompanying drawings are included to provide a further understanding of the various
embodiments, and are incorporated into and constitute a part of this specification. The
drawings illustrate the various embodiments described in this specification, and together with

the description serve to explain the principles and operations of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1 is a powder x-ray diffraction (PXRD) pattern of a Mg(0.5)-AC magnesium
adamantine carboxylate salt formed from Mg(OH), and 1-adamantane carboxylic acid (ACA)

with a 0.5:1 molar ratio of Mg** to ACA.

[0036] FIG.2 is an infrared (IR) spectrum of a Mg(0.5)-AC magnesium adamantane
carboxylate salt formed from Mg(OH), and 1-adamantane carboxylic acid (ACA) with a
0.5:1 molar ratio of Mg** to ACA.

[0037] FIG. 3 includes stacked IR spectra of Mg(OH),, ACA, and Mg(0.5)-AC.

[0038] FIG.4 includes stacked thermogravimetric analyses of (a) ACA; and
(b) Mg(0.5)-AC.

[0039] FIGS. 5A-5D are SEM micrographs at various magnifications of Mg(0.5)-AD

prepared according to embodiments of this specification.

[0040] FIG. 6A is an atomic-force micrograph of a selected area of an exfoliated

Mg(0.5)-AC particle removed from a colloidal suspension.

[0041] FIG. 6B is a representation of the peak force errors in the micrograph of FIG. 6A.
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[0042] FIG. 6C is a graph of height profile in the exfoliated particle, measured across the
path indicated in FIG. 6A.

[0043] FIG. 7 is PXRD pattern of a Mg(1.0)-AC magnesium adamantane salt formed from
Mg(OH), and 1-adamantane carboxylic acid (ACA) with a 1.0:1 molar ratio of Mg2+ to ACA.

* indicates brucite impurity.

[0044] FIGS. 8A-8D are SEM micrographs at various magnifications of Mg(1.0)-AC

nanocomposite prepared according to embodiments of this specification.

[0045] FIG.9 is a PXRD pattern of a nanocomposite prepared by thermally decomposing
Mg(0.5)-AC.

[0046] FIGS. 10A-10D are SEM micrographs at various magnifications of the
nanocomposite prepared by thermally decomposing Mg(0.5)-AC.

[0047] FIGS. 11A and 11B are bright-field transmission electron micrographs at various

magnifications of the nanocomposite prepared by thermally decomposing Mg(0.5)-AC.

[0048] FIG 11C shows an electron diffraction pattern of the nanocomposite prepared by

thermally decomposing Mg(0.5)-AC.

[0049] FIG. 11D shows a high-magnification HRTEM image of the nanocomposite
prepared by thermally decomposing Mg(0.5)-AC.

[0050] FIG. 12 is a PXRD pattern of a nanocomposite prepared by thermally decomposing
Mg(1.0)-AC.

[0051] FIGS. 13A-13D are SEM micrographs at various magnifications of the
nanocomposite prepared by thermally decomposing Mg(1.0)-AC.
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DETAILED DESCRIPTION

[0052] The diamondoids and their derivatives have shown promise in various applications
such as in supramolecular, petrochemical, and medicinal chemistry. Compounds prepared
according to methods embodied in this specification unite the chemistries of magnesium
oxides and diamondoids to form materials such as salts and nanocomposites incorporating
magnesium or magnesium oxide. For example, in some embodiments, magnesium-
adamantane carboxylate (Mg-AC) salts are synthesized and characterized. The synthesized
Mg-AC shows a layered structure with large aspect ratio, high thermal stability, and the
ability to disperse in various organic solvents. In other embodiments, the thermal
decomposition of Mg-AC compounds provides nanocomposites composed of stable, sinter-
free, microporous MgO supported on carbon. Further embodiments are directed to catalytic
systems, catalytic methods, polymer composites, and adsorption systems each incorporating

the Mg-AC compounds, the nanocomposites, or a combination of these.

[0053] As used in this specification, the term ‘“diamondoid” refers to any chemical

compound containing at least one adamantane moiety.

[0054] Reference will now be made in detail to embodiments of methods for preparing
magnesium adamantane carboxylate salts and nanocomposites that are derived from the

magnesium adamantane salts and contain magnesium oxide particles.

[0055] Methods for preparing a magnesium adamantine carboxylate salt include mixing a
magnesium salt and a diamondoid compound having at least one carboxylic acid moiety to

form a reactant mixture.

[0056] In the reactant mixture, the magnesium salt may be any magnesium compound
containing Mg2+ and a counteranion derived from an acid or a base. Non-limiting examples
of magnesium salts, therefore, include Mg(OH),, MgCl,, MgBr,, Mg(NOs3),, and MgSO,. In
some embodiments, the magnesium salt may be Mg(OH),. MgO formed from the calcination

of Mg(OH), is of particular interest for its activity as a solid base catalyst.
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[0057] In the reactant mixture, the diamondoid compound has at least one carboxylic acid
moiety. In some embodiments, the at least one carboxylic acid is bonded to any non-
bridgehead carbon atom of the diamondoid compound. In some embodiments, the
diamondoid compound may be chosen from carboxylic acids of adamantane, diamantane, or
triamantane. In some embodiments, the diamondoid compound may be adamantane

1-carboxylic acid (ACA).

[0058] The mixing of the magnesium salt and the diamondoid compound may be
performed by any suitable method using any suitable apparatus to accomplish intimate
mixing. For example, the mixing may be performed using solid-state techniques such as
blending or grinding of dry powders. The mixing may be performed with the aid of an
aqueous or organic solvent by combining powders and the solvent and subsequently stirring
the resultant solution. Optionally, after such a wet mixing procedure, some or all of the
solvent may be decanted or filtered from the resultant mixture before the magnesium salt and

the diamondoid compound are placed under conditions suitable for their chemical reaction.

[0059] The methods for preparing a magnesium adamantine carboxylate salt further
include hydrothermally treating the reactant mixture of the magnesium salt and the
diamondoid compound at a reaction temperature for a reaction time to form the magnesium
adamantane carboxylate salt. Hydrothermal treatment generally may include adding an
aqueous solvent such as water to the reaction mixture, sealing the reaction mixture in a
reaction vessel such as an autoclave, and heating the reaction vessel to the reaction
temperature to cause crystallization of the magnesium adamantine carboxylate salt to occur in

a high-pressure environment.

[0060] The reaction temperature is chosen to provide sufficient thermodynamic energy for
the reaction of the magnesium salt and the diamondoid compound to proceed within the
reaction vessel while also enabling crystallization of the magnesium adamantane carboxylate
salt. The reaction temperature should be sufficiently high to enable the reaction to progress
but also be sufficiently low to avoid decomposition of the adamantane carboxylate salt or
solvation of crystallites. In some embodiments, the reaction temperature may be from 100 °C

to 200 °C, such as 100 °C, 110 °C, 120 °C, 130 °C, 140 °C, 150 °C, 160 °C, 170 °C, 180 °C,
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190 °C, 200 °C, or any other temperature between 100 °C and 200 °C. Though in some
embodiments the reaction temperature may be from 100 °C to 200 °C, it is contemplated that
other reactions may occur at temperatures less than 100 °C or greater than 200 °C. In other
embodiments, the reaction temperature may be from 100 °C to 150 °C or from 110 °C to

150 °C. In one example, where magnesium salt is Mg(OH),, the reaction temperature may be

150 °C = 10 °C.

[0061] The reaction time is chosen to provide sufficient time for crystal growth and
development of well-defined morphologies to occur as the magnesium adamantane
carboxylate salt is formed at the reaction temperature. In some embodiments, the reaction
time may be longer than 12 h, such as from 12 h to 72 h, from 24 h to 72 h, from 12 h to 48 h,
or from 24 h to 48 h, for example. Though in some embodiments the reaction time may be
longer than 12 h, it is contemplated that when higher reaction temperatures greater than

150 °C are chosen, for example, the reaction time may be shorter than 12 h.

[0062] The methods for preparing a magnesium adamantane carboxylate salt may further
include customary isolation steps such as cooling or depressurizing the reaction vessel,
removing the reaction mixture from the reaction vessel, removing solvent from the reaction
mixture by filtering or any other suitable technique, washing the magnesium adamantane
carboxylate salt with an aqueous or organic solvent that does not dissolve the magnesium
adamantane carboxylate salt, drying the magnesium adamantane carboxylate salt, or any
combination of these steps. In some embodiments, the magnesium adamantane carboxylate
salt may be vacuum filtered from any solvent present in the reaction vessel, washed with
water, and dried at a suitable temperature for a suitable time. For example, the magnesium
adamantane carboxylate salt may be dried at 65 °C for 24 h to drive off residual solvent from

the hydrothermal treatment.

[0063] The magnesium adamantane carboxylate salt prepared using a magnesium salt and
ACA will be subsequently described by a shorthand notation Mg(x)-AC, where x is the ratio
of Mg2+ to ACA in the reaction mixture used to prepare the magnesium adamantane salt, and
AC represents the carbon support derived from the adamantane carboxylate moiety of the

ACA. For example, Mg(0.5)-AC represents a magnesium adamantane carboxylate salt
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prepared by reacting Mg(OH), and ACA with a 0.5:1 molar ratio of Mg2+ to ACA. Likewise,
Mg(1.0)-AC represents a magnesium adamantane carboxylate salt prepared by reacting

Mg(OH), and ACA with a 1.0:1 molar ratio of Mg** to ACA.

[0064] In some embodiments, the reaction mixture may be prepared by mixing a
magnesium salt such as, for example, Mg(OH),, and ACA in amounts that provide a ratio of
Mg2+ to ACA in the reaction mixture of from 0.5:1 to 1.0:1. The specific ratio of Mg2+ to
ACA in the reaction mixture may be chosen to affect the overall crystal morphology of the
magnesium adamantane carboxylate salt to a desired form. Without intent to be bound by
theory, it is believed that the crystal morphology of the magnesium adamantane carboxylate
salt may be tailored by increasing or decreasing the ratio of Mg2+ to ACA in the reaction
mixture. Though in some embodiments the ratio of Mg2+ to ACA may be selected from 0.5:1
to 1.0:1, it is contemplated that the crystal morphology of the magnesium adamantane
carboxylate salt may be further tailored by decreasing the ratio of Mg2+ to ACA to less than
0.5:1 or by increasing the ratio of Mg2+ to ACA to greater than 1.0:1. Even so, a point of
magnesium saturation is believed to exist, such that at a ratio of Mg2+ to ACA greater than
the saturation point additional magnesium ions cannot be incorporated into the magnesium

adamantane carboxylate salt.

[0065] The Mg-AC compounds may exhibit a layered structure or morphology. In some
embodiments, the layered structure or morphology Mg-AC compounds may manifest as a
plurality of layers lacking edge-to-face connections. The plurality of layers may be
composed of individual layers each having an aspect ratio greater than 500 or greater than
1000. That is, each of the individual layers may have a length measurement that is at least
500 times or at least 1000 times as long as a thickness measurement of the same layer. For
example, the layer may have a length of 10 um to 20 um and a thickness of 10 nm to 20 nm.
These very thin layers may in turn exhibit exfoliation, particularly in the presence of certain
solvents. The Mg-AC material also may form stable dispersions or gels in various solvents
such as polar organic solvents. For example, Mg-AC layers may exfoliate in organic solvents
such as ethanol and acetone. Without intent to be bound by theory, it is believed that the

presence of high-aspect ratio layers that exfoliate in Mg-AC may benefit the overall
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properties of materials such as polymer nanocomposites in which the Mg-AC is used as a

filler.

[0066] Further embodiments of this specification are directed to methods for preparing
nanocomposites. The methods for preparing the nanocomposites include thermally
decomposing a magnesium adamantane carboxylate salt prepared according to the methods
previously described in this specification. In some embodiments, the nanocomposites include
magnesium oxide particles or structures supported on a carbon framework derived from the

diamondoid compound.

[0067] In some embodiments for preparing nanocomposites, thermally decomposing the
magnesium adamantane carboxylate salt may include heating the magnesium adamantane
carboxylate salt. The heating of the magnesium adamantane carboxylate salt may be
conducted, for example, in air at a decomposition temperature for a decomposition time. The
decomposition temperature and the decomposition time may be selected to result in complete
decomposition of the magnesium adamantane carboxylate salt. Complete decomposition of
the magnesium adamantane carboxylate salt may include conversion of any magnesium
hydroxide functionalities in the adamantane carboxylate salt to magnesium oxide particles.
Suitable decomposition temperatures may be greater than 200 °C, greater than 300 °C,
greater than 400 °C, or greater than 500 °C, for example. The decomposition time may be
chosen as any time sufficient to result in complete decomposition of the magnesium
adamantane carboxylate salt at the chosen decomposition temperature. For example, the
decomposition time may be longer than 1 hour, such as 2 hours, 3 hours, 4 hours, or longer
than 5 hours. In example embodiments, magnesium adamantane carboxylate salts formed
from Mg(OH), and ACA may decompose fully at a decomposition temperature of about

450 °C and a decomposition time of at least 4 hours.

[0068] Nanocomposites formed by thermally decomposing the magnesium adamantine
carboxylate salts may exhibit a variety of crystal morphologies that may depend on variables
such as the ratio of magnesium salt to diamondoid compound in the reaction mixture used to

form the magnesium adamantane carboxylate salt, the reaction time and temperature used to
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form the magnesium adamantine carboxylate salt, and the decomposition conditions used to

form the nanocomposite itself.

[0069] In some embodiments, the methods for preparing nanocomposites include
thermally decomposing magnesium adamantane carboxylate salts prepared by reacting
Mg(OH),; and ACA. Nanocomposites formed from such magnesium adamantane carboxylate
salts may include magnesium oxide particles (MgO) of a particular shape or morphology
dispersed on a carbon support of a particular shape or morphology. The metal-oxide particle
may be spherical, rectangular, ribbon-like, or in the form of nanowires, nanorods, or
nanowhiskers, for example. The magnesium oxide particles may have particle sizes from
10 nm to 20 nm, for example. Likewise, the carbon support may exhibit a morphology such

as a sheet, a nanorod, a nanowire, or a nanowhisker.

[0070] In some embodiments, the magnesium oxide particles may be uniformly dispersed
over a surface of a carbon support derived from the adamantane moieties of the magnesium
adamantane carboxylate salt. The weight fraction of MgO particles and carbon support may
vary in the nanocomposite, depending on the conditions used to prepare the nanocomposite.
In some embodiments, the nanocomposite may include from 50 wt.% to 90 wt.% MgO
particles and from 10 wt.% to 50 wt.% carbon, based on the total weight of the
nanocomposite. For example, the nanocomposite may include from 70 wt.% to 80 wt.%
MgO particles and from 20 wt.% to 30 wt.% carbon, based on the total weight of the

nanocomposite.

[0071]  Further embodiments of this specification are directed to catalyst systems. The
catalyst systems may include (a)a magnesium adamantane carboxylate salt prepared
according to any embodiment previously described; (b) a nanocomposite such as magnesium
oxide particles supported on carbon prepared according to any embodiment previously
described, such as by thermal decomposition of a magnesium adamantane carboxylate salt; or

(c) any catalytically active mixture of (a) and (b).

[0072]  Accordingly, further embodiments of this specification are directed to methods for

catalyzing a chemical reaction between at least one first reactant and at least one second
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reactant. Such methods may include reacting the at least one first reactant and at least one
second reactant in the presence of a catalyst system described previously. The at least one
first reactant and the at least one second reactant may be any chemical compounds, the
chemical reaction of which is catalytically facilitated, such as by being made
thermodynamically possible or more favorable, or kinetically influenced by the presence of
the magnesium adamantane carboxylate salt or the MgO nanocomposite separately or in

combination.

[0073] Still further embodiments of this specification are directed to methods for
catalyzing the decomposition of a reactant. Such methods may include decomposing the
reactant in the presence of a catalyst system described previously. The decomposing of the
reactant may be conducted under milder conditions than those generally known to decompose
the reactant, such as under a decreased decomposition temperature, a decreased

decomposition time, or a decreased decomposition pressure.

[0074]  Still further embodiments of this specification are directed to polymer composites
that contain at least one polymer or copolymer in combination with at least one filler
compound interspersed among the at least one polymer or copolymer to form a composite. In
such embodiments, the at least one filler compound may be chosen from (a) a magnesium
adamantane carboxylate salt prepared according to any embodiment previously described;
(b) a nanocomposite such as magnesium oxide particles supported on carbon prepared
according to any embodiment previously described, such as by thermal decomposition of a

magnesium adamantane carboxylate salt; or (¢) any mixture of (a) and (b).

[0075]  Stll further embodiments of this specification are directed to systems for removing
a chemical compound from a fluid stream such as a liquid stream, a gas stream, or a slurry
containing a liquid and a solid. The systems may include an adsorbent chosen from: (a) a
magnesium adamantane carboxylate salt prepared according to any embodiment previously
described; (b) a nanocomposite such as magnesium oxide particles supported on carbon
prepared according to any embodiment previously described, such as by thermal
decomposition of a magnesium adamantane carboxylate salt; (c) a polymer composite

according to any embodiment previously described; or (d) any mixture of (a), (b), and (c).
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The systems may further include any suitable vessel in which, or any active surface on which,
the chemical compound in the fluid stream is contacted with the adsorbent so as to be

adsorbed onto the adsorbent and removed from the fluid stream.

[0076] Thus, embodiments of magnesium diamondoid salts, nanocomposites of carbon-
supported magnesium oxide particles have been described, along with further embodiments
of catalytic systems and methods, polymer composites, systems for removing chemical
compounds from fluid streams, and drilling fluids incorporating one or more of the
magnesium diamondoid salts or nanocomposites. In example embodiments, 1-adamantane
carboxylate was used as a structure directing agent to generate the magnesium compounds
having varied morphologies. The thermal decomposition or calcination of Mg-AC
compounds results in an in sifu generation of carbon-supported magnesium oxides that may

show high catalytic and thermal stability compared to conventional nano-MgO.

EXAMPLES

[0077] The embodiments described in this specification will be further clarified by the
following Examples. It should be understood that the following Examples are not intended to

limit the scope of this disclosure or its claims to any particular embodiment.

EXAMPLE 1

Synthesis and Physical Characterization of Mg(0.5)-Adamantane Carboxylate Salt

[0078] Mg-adamantane (Mg-AD) compounds were hydrothermally synthesized by mixing
Mg(OH), and 1-adamantane carboxylic acid (ACA) in amounts to provide a 1:2 molar ratio
of Mg2+ to ACA to form a reaction mixture, then transferring the reaction mixture to a
Teflon-lined stainless-steel autoclave and heating the reaction mixture at 150 °C for 24 h.
The reactants were mixed by stirring for 1 h on a magnetic stirrer. The resultant product,
Mg(0.5)-AC (where 0.5 refers to the original Mg2+—to—ACA mixing ratio and “AC” refers to
adamantane carboxylate) was vacuum filtered, washed with a copious amount of water, and
then dried at 65 °C for 24 h. Products were characterized by powder X-ray diffraction
(PXRD), infra-red (IR) spectroscopy, scanning electron microscopy (SEM), thermo
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gravimetric analysis (TGA), atomic force microscopy (AFM), and transmission electron

microscopy (TEM).

[0079] The Mg(0.5)-AC was analyzed by PXRD. The PXRD spectrum in FIG. 1
exhibited a series of basal reflections at 26 angles of 5.7°, 6.6°, 8.0°, 9.2°, and 11.5°,
corresponding to d-spacings of 15.41 A, 13.3 A, 11.0A, 9.6 A, and 7.7 A, respectively.
Strong reflections occur centered around 26 angles of 15° to 17°, and several low to medium
intensity reflections appeared in the 26 range 30° to 50°. In addition, low-intensity twin
reflections occurred in the 26 range 57° to 60°. All of these features in the PXRD pattern

indicate the formation of a material with a layered structure.

[0080] The Mg(0.5)-AC was further characterized with IR spectroscopy. The IR spectrum
in FIG. 2 shows the symmetric and antisymmetric stretching vibrations of the COO™ group at
1411 cm™ and 1550 cm™ respectively. The vibrations at 2900 em™ and 2847 cm™ arise
from the C—H bonds of the adamantane carboxylate ion. The broad vibration in the range of
3200 cm™ to 3400 cm™ arises from the hydrogen-bonded hydroxyl ion. The small shoulder
at about 3600 cm™ arises from the non-hydrogen bonded hydroxyl ion and is believed to
indicate a small amount of precursor Mg(OH); in the resultant product as an impurity. The
medium intensity vibrations less than 1000 cm™ arise from the bending and stretching of

metal-oxygen bonds.

[0081] Comparison of starting materials with the Mg(0.5)-AC was undertaken to check
the possible impurities and unreacted starting materials. FIG. 3 shows overlaid PXRD
patterns of Mg(0.5)-AC, ACA, and Mg(OH),. The Mg(0.5)-AC has a set of reflections that
do not correspond with those of the starting materials, except a low intensity reflection at
37.9° arising from starting Mg(OH),, which was also confirmed by IR analysis. The twin
peaks of ACA (100% intensity) in the 26 range of 15° to 17° are in the Mg(0.5)-AC as well.
The peak positions and full width at half maxima (FWHM) shows that the peaks are shifted
in Mg(0.5)-AC more than 1° and are broadened. This precludes the possibility of the starting
ACA being present in the Mg(0.5)-AC.
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[0082] Thermal decomposition behavior of newly formed Mg(0.5)-AC was studied by
thermogravimetric analysis (TGA) in a helium gas atmosphere from 30 °C to 800 °C at a
heating rate of 10 °C/min. The Mg(0.5)-AC shows a two-step mass loss, as shown in plot (b)
of FIG. 4. The 5 wt.% to 6 wt.% mass loss around 60 °C may be attributable to adsorbed
water. The TGA evidences that the compound is stable up to 450 °C and losses around
85 wt% of its mass in the range of 450 °C to 600 °C. The mass loss in this range is
attributable to loss of the adamantane carboxylate moiety and hydroxyl ions. The residue is
only around 10 wt.%, indicating the formation of highly porous nanoscale MgO. The single
step mass loss, except the loss of adsorbed water confirms the single-phase nature of the
Mg(0.5)-AC. In contrast and as illustrated in plot (a) of FIG. 4, the starting ACA shows
entirely different thermal behavior. Adamantane carboxylic acid was found to be stable up to
100 °C and to decompose completely in a single step between 120 °C and 300 °C. Without
intent to be bound by theory, it is believed that the unusually high thermal stability of the

Mg(0.5)-AC may arise from the formation of Mg2+—adarnantane carboxylate ion bonding.

[0083] The morphology and nature of the Mg(0.5)-AC was further characterized by SEM.
The SEM images of Mg(0.5)-AC in FIGS. 5A-5D at various magnifications evidence a
layered morphology. The layers have very large aspect ratios, with dimensions of several
microns in length and thickness of several nanometers. The layers are stacked one above the
other and do not appear to have edge-to-face sharing connections that are common for many
types of layered solids have. The absence of edge-to-face sharing connections in the

Mg(0.5)-AC may indicate that the Mg(0.5)-AC can be easily exfoliated.

EXAMPLE 2

Dispersion and Exfoliation of Mg(0.5)-Adamantane Carboxylate Salt

[0084] Based on its physical characterizations, the Mg(0.5)-AC has been found to be a
layered structure with high aspect ratio and high thermal stability. Therefore, the
Mg(0.5)-AC is believed to have all the qualities to become a good filler material for various
nanocomposites. To check the suitability of Mg(0.5)-AC to blend with various polymers and
ability to form dispersions, various polar and nonpolar solvents were used. The dispersion

studies were carried out by using six different solvents with a variety of physical properties.
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Dispersion studies of the product in various solvents were carried out on 100 mg of
Mg(0.5)-AC in 100 mL of various solvents to form a suspension that was stirred for 24 h on a

magnetic stirrer. The results of the study are tabulated in TABLE 1.

TABLE 1
Solvent Solvent Type Dispersion Characteristic

Water Polar No dispersion
Ethanol Polar Stable dispersion
Tetrahydrofuran Polar Stable dispersion

N,N-Dimethylformamide Polar Stable gel

1,4-Dioxane Polar Stable dispersion

Pentane Nonpolar No dispersion

[0085] The Mg(0.5)-AC did not show any exfoliation or any kind of dispersion with
water, indicating the hydrophobic nature of compound. When a polar organic solvent such as
ethanol was used, the Mg(0.5)-AC formed a dispersion within 30 min. The Mg(0.5)-AC
dispersed in 1,4-dioxane and formed a stable gel with N,N-dimethyl formamide. The
Mg(0.5)-AC was found to form a stable dispersion with widely used tetrahydrofuran (THF).
This shows that Mg(0.5)-AC has ability to form stable dispersions with polar organic solvents
and can be used as filler in various nanocomposites involving organic polymers. On the other

hand, the Mg(0.5)-AC did not show any exfoliation with nonpolar pentane.

[0086] The exfoliation of layered solids has great importance in materials chemistry
generally. Exfoliated layers have been observed in various hybrid materials such as polymer
based nanocomposites. The size and shape of the exfoliated layers determines the properties
of the hybrid materials. Generally, exfoliation results in the formation of smaller tactoids
having a thickness of nanometers, which in turn increases the surface area of the material. At
the same time, exfoliation greatly reduces the lateral dimensions of the layers and is not ideal
for polymer nanocomposites. The shearing forces involved in the exfoliation tend to destroy

the lateral dimensions of the layered solids.
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[0087] The exfoliated Mg(0.5)-AC colloidal suspensions were characterized by AFM to
see the extent of exfoliation. FIG. 6A shows the topological profile of a selected area of an
exfoliated Mg(0.5)-AC particle removed from a colloidal ethanol suspension of Mg-AC
particles. FIG. 6B shows the peak-force errors in the same measurement. FIG. 6C is a height
profile of the particle, measured along the path indicated in FIG. 6A. The exfoliated samples
show the layers having thickness of 10 nm to 20 nm and a lateral dimension greater than

10 um. These dimensions are equivalent to an aspect ratio of from 500 to 1000.

EXAMPLE 3

Effect of Mg Supersaturation on Phase Formation and Morphology

[0088] The supersaturation of the initial reaction mixture plays a crucial role in phase
formation of any material. The Mg(0.5)-AC prepared in Example 1 had a Mg2+/ACA ratio of
1:2. To characterize the effect of Mg2+/ACA ratio on the Mg-adamantane carboxylate phase
formation, Mg(1.0)-AC was prepared by the same synthetic route as described in Example 1,
except that the initial reactants were mixed to provide a Mg2+/ACA ratio of 1:1. Thus, the
Mg(1.0)-AC was prepared with a larger molar fraction of Mg2+ compared to the Mg(0.5)-AC
of Example 1.

[0089] The PXRD pattern of the Mg(1.0)-AC in FIG.7 retains all the reflections
corresponding to Mg-AC, as compared to the PXRD of Mg(0.5)-AC (FIG. 1). In addition,
the Mg(1.0)-AC PXRD spectrum shows several high intensity reflections (marked with *)
believed to arise from unreacted Mg(OH),. The appearance of unreacted starting material in
the Mg(1.0)-AC illustrates that stoichiometric ratio of the starting materials Mg(OH), and

ACA affects whether or not the resulting Mg-AC material will be a single phase material.

[0090] The Mg(1.0)-AC was further characterized with SEM to ascertain the effect of
Mg2+/ACA on the morphology of the material. FIGS. 8A-8D are SEM images of
Mg(1.0)-AC at various magnifications. The morphology of Mg(1.0)-AC appears to be
different from that of Mg(0.5)-AC. Though the SEM of Mg(1.0)-AC shows the layered
morphology with large layers as with Mg(0.5)-AC, the crystallites of Mg(1.0)-AC appear to
be connected through edge-to-face sharing, giving rise to a sand-flower morphology. Thus,

by changing the concentration of Mg2+ and ACA in the starting reaction mixture, it is
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possible to provide Mg-AC with a different morphology and orientation. In addition to the
Mg-AC phase, the SEM of Mg(1.0)-AC also shows aggregated, featureless particles of
unreacted Mg(OH),. In view of these morphological differences, the two compounds,

Mg(0.5)-AC and Mg(1.0)-AC, are expected to show different behaviors.

EXAMPLE 4

Effect of Magnesium Source on Mg-Adamantane Carboxylate Salt Formation

[0091] Similar to the supersaturation, the nature of initial reactants play a crucial role in
deciding the formation of a compound. In this particular case, the source of Mg2+ could be a
deciding factor in formation of the Mg-AC. In a separate experiment, Mg(NO3), was used as

a source of Mg, in place of Mg(OH), and was reacted with ACA as in Example 1.

[0092] The PXRD of the resultant compound formed using Mg(NOs3), as the magnesium
source shows reflections corresponding to ACA, except for two weak reflections
corresponding to d-spacings of 17.07 A and 15.65 A. The pH of the filtrate was found to be
about 4, in contrast to the pH of about 9 present in the reactant mixtures used to form
Mg(0.5)-AC in Example 1 and Mg(1.0)-AC in Example 3. The peak at 15.65 A is similar to
the one observed in Mg(0.5)-AC, but other reflections are absent including the high intensity
peaks. This shows the crucial role of nature of the initial reactants and pH on the formation

of Mg-adamantane carboxylate compound.

EXAMPLE 5

MgO Nanocomposites from Thermal Decomposition of Mg(0.5)-AC and Mg(1.0)-AC

[0093]  On calcination, the Mg-AC compounds generate MgO supported on carbon. MgO
is a basic oixde and has the potential to be a good catalyst and a good sorbent for various
acidic gases. In general, MgO formed or supported by other techniques has known
fundamental limitations such as low surface area, low thermal stability, and agglomeration
upon cycling. MgO formed by decomposition of Mg-AC compounds described in this
specification are expected to overcome some of these limitaions by generating macroporous

carbon/adamantane chains with dispered MgO in a one pot synthesis.
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[0094] The Mg(0.5)-AC of Example 1 was thermally decomposed in a muffle furnace
from room temperature to 450 °C in air atmosphere (5 °C/min). The PXRD pattern of the
resultant material in FIG. 9 shows reflections consistent with literature values for MgO at 26
values of 37.1°, 43.03°, and 62.2°, corresponding to d-spacings of 2.42 A, 2.1 A, and 1.49 A,
respectively. It is believed that the broad hump cenetered around 14° is not attributable to

MgO and likely originates from long-chain carbon atoms of the adamantane moiety.

[0095] The material obtained from decomposition of Mg(0.5)-AC was further
characterized by SEM. In the micrographs at various magnifications in FIGS. 10A-10D, the
resultant MgO nanocomposite has a sheet like morphology with large micropores. The sheets
are very thin and have micron-sized dimensions. This sheet-like morphology can be
attributed to the adamantane moiety working as a template for growing MgO in this fashion

and also prevented the agglomeration of the crystallites.

[0096] To validate the presence of adamantane/carbon moiety in the sample, EDX was
performed. To avoid the interference of substrate carbon with the sample, a silicon wafer
was used as a substrate to record EDX spectra. The EDX spectra showed peaks from carbon,
oxygen, and magnesium, indicating the presence of carbon from the adamantane in the
sample. Peaks from gold were observed, corresponding to Au/Pd used for coating the
sample. Elemental mapping performed to determine the distribution of the carbon in the
sample. The elemental mapping showed a uniform distribution of carbon, along with
magnesium and oxygen throughout the sample. This confirms the presence and role of

adamantane in synthesizing supported metal oxides with large-aspect ratio and micropores.

[0097] High-resolution transmission electron microscopy (HRTEM) was used to calculate
the crystallite size and phase identification of the MgO formed. The bright-field TEM
images in FIGS. 11A and 11B show the formation of MgO in large sheets having high
porosity. The average size of the crystallites, as determined from the high-magnification
HRTEM image of FIG. 11D were found to be in the range of 5 nm to 10 nm. The electron
diffraction pattern of FIG. 11C further confirms the MgO phase. Reactivity of MgO

generally is known to depend on size, shape, and synthesis method used to form the MgO.
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The smaller the size, the better the expected activity and selectivity, owing to larger surface

areas and more synergistic bonding.

[0098] The material Mg(1.0)-AC also was subjected to thermal decomposition in a muffle
furnace from room temperature to 450 °C in air atmosphere (5 °C/min). The PXRD pattern
of the resultant material in FIG. 12 shows MgO reflections at 26 angles of 43.03° and 62.25°,
corresponding to d-spacings of 2.1 A and 1.49 A, respectively. The peak at a 26 angle of
about 13° is attributable to MgO and has a larger intensity than that of the corresponding peak
obtained from the thermally decomposed Mg(0.5)-AC sample. It is believed that the peak

around 13° originates from the residual carbon of the adamantane moiety.

[0099] The SEM of the thermally decomposed Mg(1.0)-AC in at various magnifications
in FIGS. 14A-14D show mophological differences from the thermally decomposed
Mg(0.5)-AC. In the Mg(1.0)-AC, the carbon from the adamantane appears by SEM to have
acted as a template for MgO to grow as bundles of long chains. This observation confirms
that the polymerization of adamantane atoms occurs on thermal decomposition when
confined in a narrow space of host materials. The magnesium oxide nanocomposites
resulting from Mg(0.5)-AC and Mg(1.0)-AC have different morphlogy and crystallite sizes

and, therefore, are expected to show different properties.

[00100] It should not be understood the various aspects of the composite zeolite catalyst,
the method of making the same, the method of making xylene using the same, and a system
for making xylene using the same are described and such aspects may be utilized in

conjunction with various other aspects.

[00101] In a first aspect, the disclosure provides a method for preparing a magnesium
adamantine carboxylate salt. The method comprises mixing a magnesium salt and a
diamondoid compound having at least one carboxylic acid moiety to form a reactant mixture.
The method further comprises hydrothermally treating the reactant mixture at a reaction

temperature for a reaction time to form the magnesium adamantane carboxylate salt.
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[00102] In a second aspect, the disclosure provides the method of the first aspect, in which
the magnesium salt and the diamondoid compound are mixed in amounts that provide a ratio

of Mg2+ to diamondoid compound in the reaction mixture of from 0.5:1 to 1.0:1.

[00103] In a third aspect, the disclosure provides the method of the first or second aspects,

in which the magnesium salt is Mg(OH),.

[00104] In a fourth aspect, the disclosure provides the method of any of the first through

third aspects, in which the diamondoid compound is 1-adamantane carboxylic acid.

[00105] In a fifth aspect, the disclosure provides the method of any of the first through

fourth aspects, in which the reaction temperature is from 100 °C to 180 °C.

[00106] In a sixth aspect, the disclosure provides the method of any of the first through

fourth aspects, in which the reaction temperature is from 140 °C to 160 °C.

[00107] In a seventh aspect, the disclosure provides the method of any of the first through

sixth aspects, in which the reaction time is at least 12 hours.

[00108] In an eighth aspect, the disclosure provides the method of any of the first through
seventh aspects, in which the magnesium adamantane carboxylate salt comprises a layered

morphology.

[00109] In a ninth aspect, the disclosure provides the method of the eighth aspect, in which

the layered morphology comprises a plurality of layers lacking edge-to-face connections.

[00110] In a tenth aspect, the disclosure provides the method of the eighth or ninth aspects,
in which the layered morphology comprises a plurality of layers each having aspect ratios

greater than 500.

[00111] In an eleventh aspect, the disclosure provides a method for preparing a

nanocomposite. The method comprises thermally decomposing a magnesium adamantane
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carboxylate salt prepared according to the method of any one of the first through tenth

aspects to form the nanocomposite.

[00112] In a twelfth aspect, the disclosure provides the method of the eleventh aspect, in
which thermally decomposing the magnesium adamantane carboxylate salt comprises heating
the magnesium adamantane carboxylate salt in air at a decomposition temperature for a

decomposition time.

[00113] In a thirteenth aspect, the disclosure provides the method of any of the twelfth, in

which the decomposition temperature is at least 450 °C.

[00114] In a fourteenth aspect, the disclosure provides the method of the twelfth or

thirteenth aspects, in which the decomposition time is at least 4 hours.

[00115] In a fifteenth aspect, the disclosure provides the method of any of the eleventh
through fourteenth aspects, in which the nanocomposite comprises magnesium oxide

particles dispersed on a carbon support.

[00116] In a sixteenth aspect, the disclosure provides the method of any of the eleventh
through fifteenth aspects, in which the nanocomposite comprises a microporous sheet

morphology.

[00117] In a seventeenth aspect, the disclosure provides a catalyst system. The catalyst
system comprises (a) a magnesium adamantane carboxylate salt prepared according to any of
the first through tenth aspects; (b) a nanocomposite according to any of the eleventh through

sixteenth aspects; or (c) a mixture of (a) and (b).

[00118] In an eighteenth aspect, the disclosure provides a method for catalyzing a chemical
reaction between at least one first reactant and at least one second reactant. The method
comprises reacting the at least one first reactant and at least one second reactant in the

presence of a catalyst system according to the seventeenth aspect.
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[00119] In a nineteenth aspect, the disclosure provides a method for catalyzing the
decomposition of a reactant. The method comprises decomposing the reactant in the

presence of a catalyst system according to the seventeenth aspect.

[00120] In a twentieth aspect, the disclosure provides a polymer composite. The polymer
composite comprises at least one polymer or copolymer; and at least one filler material
interspersed among the at least one polymer or copolymer to form a composite. The at least
one filler material is chosen from (a) a magnesium adamantane carboxylate salt prepared
according to any of the first through tenth aspects; (b) a nanocomposite according to any of

the eleventh through sixteenth aspects; or (c) a mixture of (a) and (b).

[00121] In a twenty-first aspect, the disclosure provides a system for removing a chemical
compound from a fluid stream. The system comprises an adsorbent chosen from (a) a
magnesium adamantane carboxylate salt prepared according to any of the first through tenth
aspects; (b) a nanocomposite according to any of the eleventh through sixteenth aspects; or
(c) a mixture of (a) and (b). The system further comprises a vessel in which or on which the

chemical compound in the fluid stream is contacted with the adsorbent.

[00122] It will be apparent to those skilled in the art that various modifications and
variations can be made to the embodiments described in this specification without departing
from the spirit and scope of the claimed subject matter. Thus it is intended that the
specification cover the modifications and variations of the various embodiments described in
this specification provided such modification and variations come within the scope of the

appended claims and their equivalents.

[00123] Throughout this disclosure ranges are provided. It is envisioned that each discrete
value encompassed by the ranges are also included. Additionally, the ranges which may be
formed by each discrete value encompassed by the explicitly disclosed ranges are equally

envisioned.
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CLAIMS

1. A method for preparing a magnesium adamantane carboxylate salt, the
method comprising:

mixing a magnesium salt and a diamondoid compound having at least one
carboxylic acid moiety to form a reactant mixture; and

hydrothermally treating the reactant mixture at a reaction temperature for a

reaction time to form the magnesium adamantane carboxylate salt.

2. The method of claim 1, wherein the magnesium salt and the diamondoid
compound are mixed in amounts that provide a ratio of Mg2+ to diamondoid compound
in the reaction mixture of from 0.5:1 to 1.0:1.

3. The method of claim 1, wherein the magnesium salt is Mg(OH),.

4. The method of claim 1, wherein the diamondoid compound is 1-

adamantane carboxylic acid.

5. The method of claim 1, wherein the reaction temperature is from 100°C
to 180°C.

6. The method of claim 1, wherein the reaction temperature is from 140°C
to 160°C.

7. The method of claim 1, wherein the reaction time is at least 12 hours.

8. The method of claim 1, wherein the magnesium adamantane carboxylate

salt comprises a layered morphology.

0. The method of claim 8, wherein the layered morphology comprises a

plurality of layers lacking edge-to-face connections.
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10. The method of claim 8, wherein the layered morphology comprises a

plurality of layers each having aspect ratios greater than 500.

11. A method for preparing a nanocomposite, the method comprising:
thermally decomposing a magnesium adamantane carboxylate salt to form the
nanocomposite;
the magnesium adamantane carboxylate salt prepared by:
mixing a magnesium salt and a diamondoid compound having at least
one carboxylic acid moiety to form a reactant mixture; and
hydrothermally treating the reactant mixture at a reaction temperature for

a reaction time to form the magnesium adamantane carboxylate salt.

12. The method of claim 11, wherein thermally decomposing the magnesium
adamantane carboxylate salt comprises heating the magnesium adamantane carboxylate

salt in air at a decomposition temperature for a decomposition time.

13. The method of claim 12, wherein the decomposition temperature is at
least 450°C.

14. The method of claim 12, wherein the decomposition time is at least 4
hours.

15. The method of claim 11, wherein the nanocomposite comprises

magnesium oxide particles dispersed on a carbon support.

16. The method of claim 11, wherein the nanocomposite comprises a

microporous sheet morphology.

17. A catalyst system comprising:
(a) a magnesium adamantane carboxylate salt prepared by:
mixing a magnesium salt and a diamondoid compound having at least

one carboxylic acid moiety to form a reactant mixture; and
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hydrothermally treating the reactant mixture at a reaction temperature for
a reaction time to form the magnesium adamantane carboxylate salt;
(b) a nanocomposite prepared by: thermally decomposing the magnesium
adamantine carboxylate of (a) to form the nanocomposite; or

(©) a mixture of (a) and (b).



