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GRAPHENE POLYETHYLENE TEREPHTHALATE COMPOSITE FOR IMPROVING
REHEAT ENERGY CONSUMPTION

PRIORITY

[0001] This application claims the benefit of and priority to U.S. Patent Application No.
16/837,626 filed on April 1, 2020 and U.S. Provisional Application, entitled “Graphene
Polyethylene Terephthalate Composite For Improving Reheat Energy Consumption,” filed on
April 1, 2019 and having application serial number 62/827,439, the entirety of said application

being incorporated herein by reference.

FIELD

[0002] The field of the present disclosure generally relates to polymer composites. More
particularly, the field of the invention relates to a graphene polyethylene terephthalate composition

and a method for improving reheat energy consumption.

BACKGROUND

[0003] Composites are defined as multiphase materials, which may occur naturally or may be
manufactured. Manufactured composites typically are a formulation of one or more materials
selected so as to achieve properties that are not individually exhibited by the materials comprising
the composite. Composites may be classified based on a type of continuous matrix and dispersed
phases, such as a reinforcement. Composite materials comprising at least one constituent phase,
primarily the dispersed phase, having at least one dimension on the order of 1-100 nanometers
(nm) are referred to as “nanocomposites.” Nanocomposites may be further classified based on
category (e.g., organic or inorganic), as well as geometry of nanoscale reinforcement. A few well-
known examples of naturally occurring nanocomposites include human bone, seashells, spider
silk, and armored fish. As will be appreciated, each of these nanocomposite materials comprises
a structural hierarchy (i.e., structure at multiple length scales) which makes them perform

exceptionally well as compared with other materials of a similar chemistry.

[0004] Material properties of composites are known to be dependent on interactions between
the matrix and the dispersed phases. Large surface areas per unit volume at the nanoscale generally

cause nanomaterials to function differently than their bulk counterparts. With increased
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interactions between the matrix and the dispersed phase, nanocomposites are considered relatively
superior to conventional composites, providing new advantageous properties without

compromising existing beneficial properties, such as strength or durability.

[0005] Polyethylene terephthalate (PET) is an aromatic semi-crystalline thermoplastic
polyester, first synthesized in the early 1940s. Figure 1 is a chemical formula illustrating a
molecular structure of PET. Polyethylene terephthalate is well known for its strength and
toughness, high glass transition and melting points, chemical resistance, and optical properties.
Polyethylene terephthalate is commonly used for commodity and engineering applications due to
its relatively low cost. Polyethylene terephthalate is characterized by a microstructure wherein
longitudinal stretching forms strong fibers with a high molecular chain orientation, as well as bi-
axial stretching forming strong films. Linear PET is naturally semi-crystalline. Thermal and
mechanical history, such as rate of cooling and stretching, can drive PET to be amorphous or more
crystalline, and thus influence its mechanical properties. Although PET is utilized in industries
such as fiber, packaging, filtration, and thermoforming, the widespread use of PET generally is
constrained due to a slow crystallization rate and a limited barrier performance as compared with

other commonly used polyesters.

[0006] It will be appreciated that there has been a long felt need for developing lightweight
materials for use across a wide range of industries, such as packaging, automotive, and aerospace,
and thus attempts have been made to improve material properties through better control of material
processing and an addition of reinforcements. For example, increasing the crystallinity of PET
improves its mechanical and barrier properties. Restrictions with the material, however, such as
crystallization rate, and with industrial processes in maximizing crystallinity, such as cooling rate,
cycle time, and stretching process, have limited attempts to improve the material properties of
PET. Progress in the field of nanomaterials, however, has led to a development of PET
nanocomposites which improve the physical properties of PET, thus making PET more effective
for applications within the automotive, aerospace, and protective apparel industries. Different
types of nanoreinforcements, such as clay, carbon nanofibers (CNF), carbon nanotubes (CNT),
graphene, silicon dioxide (Si02), and the like, have been found to improve many properties of
PET, such as mechanical, thermal, barrier, electrical, fire retardation, optical, surface properties,

crystallization kinetics of PET, and the like.
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[0007] As will be appreciated, exfoliation of nanoreinforcements into individual entities and
their uniform dispersion into a polymer matrix is essential for the success of polymer
nanocomposites. Uniform dispersion of nanoreinforcements in polymers may be achieved by way
of various approaches, including, but not limited to, melt-compounding, in-situ polymerization,
surface treatment of the nanoreinforcements, and the like. Carbon nanomaterials, such as carbon
nanofibers, carbon spheres, carbon nanotubes, and graphene, illustrated in Fig. 2, generally are
advantageous due to their superior material properties and simple chemistry. Multi-fold property

improvements may be achieved through the dispersion of carbon nanomaterials into polymers

[0008] Graphene is a relatively new nanomaterial which comprises a single layer of carbon
atoms similar to an unzipped single walled carbon nanotube. Single layer graphene generally is
twice as effective as carbon nanotubes in reinforcing polymers since graphene has two flat surfaces
for polymer interaction whereas a carbon nanotube comprises only one exterior surface for
polymer interaction. It will be appreciated that a development of graphene synthesis methods in
conjunction with an introduction of new graphene-based nanomaterials, such as graphene oxide,
expanded graphite, and graphene nanoplatelets, has made graphene commercially viable.
However, application of graphene-based nanomaterials in fabricating polymer nanocomposites has
been hindered due to limited information about the influence of graphene nanomaterials in

reinforcing polymers.

[0009] Melt-compounding and in-situ polymerization have been the most studied techniques
for preparing PET-graphene nanocomposites. Although in-sifu polymerization is effective in
dispersing graphene, the use of im-situ polymerization heretofore has been limited due to
difficulties in attaining a desired molecular weight and a need for expensive reactors. Melt-
compounding is a straight-forward approach involving shear mixing, but that alone has not been
found to be effective in dispersing graphene in several tested polymer systems. As will be
appreciated, achieving a homogenous dispersion of graphene nanoplatelets in PET is critical for
improving bulk properties. Dispersing graphene in PET is nontrivial, however, as PET generally
is highly viscous (500 — 1000 Pa s) with a melting temperature of 260°C - 280°C. Thus, selecting
a process that facilitates working at high temperatures and with highly viscous materials is

necessary.



WO 2020/205977 PCT/US2020/026184

[0010] Another important aspect for an implementation of polymer nanocomposite
applications is an ability to predict resultant material properties so as to provide flexibility in
designing manufacturing processes and reduce developmental costs. Traditional composite
models are not accurate in predicting the properties of nanocomposites.  Although
micromechanical models based on continuum theory have been found to be effective in estimating
short fiber composites, few studies have reported an applicability of these models to

nanocomposites.

[0011] As such, there is a continuing desire to develop effective and reliable processes
whereby graphene nanoplatelets may be uniformly dispersed in PET so as to provide reinforced
bulk PET composites exhibiting improved thermal properties, such as a reduced reheat energy

consumption.

SUMMARY

[0012] A composition and methods are provided for a graphene reinforced polyethylene
terephthalate composition for forming graphene-PET containers. The graphene reinforced
polyethylene terephthalate composition includes a continuous matrix comprising polyethylene
terephthalate and a dispersed reinforcement phase comprising graphene nanoplatelets. The
graphene nanoplatelets range in diameter between 5 um and 10 pm with surface areas ranging
from about 15 m?%g to about 150 m%*g. In some embodiments, the graphene reinforced
polyethylene terephthalate comprises a concentration of graphene nanoplatelets being
substantially 3% weight fraction of the graphene reinforced polyethylene terephthalate. The
graphene reinforced polyethylene terephthalate is configured to be injection molded into a
graphene-PET preform suitable for forming a container. The graphene-PET preform is configured
to be reheated above its glass transition temperature and blown into a mold so as to shape the

graphene-PET preform into the container.

[0013] In an exemplary embodiment, a graphene reinforced polyethylene terephthalate
composition comprises: a continuous matrix comprising polyethylene terephthalate; and a

dispersed reinforcement phase comprising graphene nanoplatelets.

[0014] In another exemplary embodiment, the graphene nanoplatelets comprise a minimal

number of layers of two-dimensional mono-atomic carbon sheets. In another exemplary
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embodiment, the number of layers ranges between substantially 1 layer and 7 layers. In another

exemplary embodiment, the number of layers ranges between substantially 1 layer and 4 layers.

[0015] In another exemplary embodiment, the graphene reinforced polyethylene terephthalate
is configured to be injection molded into a graphene-PET preform suitable for forming a container.
In another exemplary embodiment, the graphene-PET preform is configured to be reheated above
its glass transition temperature and blown into a mold so as to shape the graphene-PET preform
into the container. In another exemplary embodiment, the polyethylene terephthalate comprises
neat PET. In another exemplary embodiment, the polyethylene terephthalate comprises recycled

PET.

[0016] In another exemplary embodiment, the graphene reinforced polyethylene terephthalate
comprises a concentration of graphene nanoplatelets ranging between substantially 0.1% weight
fraction and 15% weight fraction of the graphene reinforced polyethylene terephthalate. In another
exemplary embodiment, the graphene reinforced polyethylene terephthalate comprises a
concentration of graphene nanoplatelets being substantially 3% weight fraction of the graphene

reinforced polyethylene terephthalate.

[0017] In another exemplary embodiment, the graphene nanoplatelets range in diameter
between 5 pm and 10 pm with surface areas ranging from about 15 m%/g to about 150 m%*/g. In
another exemplary embodiment, the graphene nanoplatelets include a diameter of about 10 um

with surface areas ranging between about 30 m?/g and about 60 m%/g.

[0018] In an exemplary embodiment, a method for forming a reinforced polyethylene
terephthalate products comprises: forming a PET resin; dispersing graphene nanoplatelets into the
PET resin to form graphene reinforced PET resin; manipulating the graphene reinforced PET resin
into pellets; reheating the pellets to form a molten liquid; and forming the molten liquid into desired

products.

[0019] In another exemplary embodiment, forming the PET resin comprises combining
ethylene glycol and terephthalic acid under high temperature and low vacuum pressure to form a
neat PET resin suitable for manufacturing the desired products. In another exemplary

embodiment, forming the PET resin comprises obtaining recycled PET to form a recycled PET
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resin suitable for manufacturing the desired products. In another exemplary embodiment,
manipulating the graphene reinforced PET resin into pellets further comprises distributing the

pellets to one or more manufacturers of the desired products.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The drawings refer to embodiments of the present disclosure in which:

[0021] Figure 1 is a chemical formula illustrating a molecular structure of polyethylene

terephthalate in accordance with the present disclosure;

[0022] Figure 2 illustrates unique structures of carbon allotropes in accordance with the

present disclosure;

[0023] Figure 3 illustrates a molecular structure of graphene comprising a two-dimensional
mono-atomic thick carbon allotrope, having a hexagonal structure in accordance with the present

disclosure;

[0024] Figure 4 comprises micrograph images of graphene nanoplatelets, according to the

present disclosure;

[0025] Figure 5 is a schematic illustrating an exemplary sonication process for dispersing

graphene nanoplatelets within ethylene glycol in accordance with the present disclosure;

[0026] Figure 6 is a schematic illustrating an exemplary sonication and centrifugation process

for dispersing graphene nanoplatelets within a solvent, according to the present disclosure;

[0027] Figure 7 is a table illustrating a relationship between a concentration of graphene
nanoplatelet dispersion in ethylene glycol as function of sonication time and centrifugal speed,

according to the present disclosure;

[0028] Figure 8 comprises transmission electron micrograph images of graphene nanoplatelets
dispersed in ethylene glycol after having been sonicated for a duration of 24 hours, 48 hours, and

96 hours, and then centrifuged at a rotational speed of substantially 1500 RPM;
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[0029] Figure 9A is a graph illustrating an average length and width of graphene nanoplatelets
dispersed in ethylene glycol as a function of sonication time and a centrifugation speed of

substantially 1500 RPM,;

[0030] Figure 9B is a graph illustrating an average length and width of graphene nanoplatelets
dispersed in ethylene glycol as a function of sonication time and a centrifugation speed of

substantially 4500 RPM.

[0031] Figure 10 comprises a Raman analysis of graphene nanoplatelets dispersed in ethylene
glycol that were sonicated for a duration of 24 hours, 48 hours, and 96 hours, and then centrifuged

at a rotational speed of substantially 1500 RPM;

[0032] Figure 11A is a chemical formula illustrating an ester interchange reaction between
dimethyl terephthalate (DMT) and ethylene glycol (EG) to form a PET monomer and excess

methanol in accordance with the present disclosure;

[0033] Figure 11B is a chemical formula illustrating formation of a PET polymer chain and
excess ethylene glycol by way of the PET monomer of Fig. 11A, in accordance with the present

disclosure;

[0034] Figure 12 is a schematic illustrating a reactor for performing an ester interchange

reaction, according to the present disclosure;

[0035] Figure 13 is a schematic illustrating a reactor for performing a polycondensation

reaction in accordance with the present disclosure; and

[0036] Figure 14 is a table listing reaction times and polymer yields for various polymerization

batches, according to the present disclosure.

[0037] While the present disclosure is subject to various modifications and alternative forms,
specific embodiments thereof have been shown by way of example in the drawings and will herein
be described in detail. The invention should be understood to not be limited to the particular forms
disclosed, but on the contrary, the intention is to cover all modifications, equivalents, and

alternatives falling within the spirit and scope of the present disclosure.
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DETAILED DESCRIPTION

[0038] In the following description, numerous specific details are set forth in order to provide
a thorough understanding of the present disclosure. It will be apparent, however, to one of ordinary
skill in the art that the invention disclosed herein may be practiced without these specific details.
In other instances, specific numeric references such as “first phase,” may be made. However, the
specific numeric reference should not be interpreted as a literal sequential order but rather
interpreted that the “first phase” is different than a “second phase.” Thus, the specific details set
forth are merely exemplary. The specific details may be varied from and still be contemplated to
be within the spirit and scope of the present disclosure. The term “coupled” is defined as meaning
connected either directly to the component or indirectly to the component through another

2%

component. Further, as used herein, the terms “about,” “approximately,” or “substantially” for
any numerical values or ranges indicate a suitable dimensional tolerance that allows the part or

collection of components to function for its intended purpose as described herein.

[0039] In general, polyethylene terephthalate (PET) is formed into containers by way of a two-
step process. In the first step, a tube-shaped preform is injection molded. In the second step, the
preform is reheated above its glass transition temperature and blown into a mold with high pressure
air so as to shape the preform into a desired container, such as a bottle. Experimental observations
have demonstrated that incorporating graphene into PET operates well as a fast reheat additive and
exhibits a significant reduction in absorbance and energy consumption during reheating. In one
embodiment, for example, a composition of PET and 0.0015% (15 ppm) of graphene resulted in
about a 10% energy savings. Further, absorbance and energy savings during traditional fast reheat
techniques is known to be a function of let-down ratio (LDR). In one embodiment, for example,
including graphene in neat PET at an LDR of 0.1% was observed to provide more than 40% energy

savings as compared with PET in absence of graphene.

[0040] It is contemplated that including graphene with recycled PET (rPET) results in energy
savings similar to those observed with graphene in neat PET. As will be appreciated, however,
rPET is more challenging due to potential color inconsistencies in rPET streams. For example,
since rPET typically has a range of color and additives mixed due to unknown heat histories and
sources ranging from CSD, Hot Fill, water, and other types of containers, manufacturing processes

using rPET tend to exhibit changes in efficiency. Thus, manufacturing processes must be adjusted
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as scrap rates become high (e.g., over 3%) when the process recipe is no longer optimally matched
toincoming material thermal properties. In some embodiments, the effects of color inconsistencies
in rPET may be mitigated by any of improving cleaning, improving melt filtering, and finding a
lower LDR where absorbance is low enough that rPET exhibits desired energy savings. In some
embodiments, the fast reheat property of graphene may be used to mask the inconsistent
absorbance properties of rPET so that scrap is reduced. Further, since the interaction of graphene
is so strong for blow molding, using graphene potentially may obviate adjusting the manufacturing
process due to changes in incoming material. It is contemplated that graphene may be incorporated
into the rPET at a manufacturing site during injection as a processing aid and to reduce both energy

and scrap, thereby increasing efficiency for the manufacturer.

[0041] As will be appreciated, the basic building blocks of PET are ethylene glycol and
terephthalic acid, which may be combined by a PET resin supplier to form resin pellets of PET.
The resin pellets may then be shipped to a container manufacturer to be heated to a molten liquid
that can be easily extruded or molded into items of practically any desired shape, such as containers
or bottles. As such, it is contemplated that, in some embodiments, the PET resin supplier may
advantageously incorporate graphene into neat PET and/or rPET in a reactor to form resin pellets
comprising graphene-reinforced PET. The graphene-reinforced PET may then be shipped to one

or more container manufacturers to be shaped into desired containers or bottles.

[0042] Figure 3 illustrates a molecular structure of graphene comprising a two-dimensional
mono-atomic thick carbon allotrope, having a planar sp* hybridization structure with a C—C bond
distance of 0.142 nm. A thickness of a single graphene sheet is estimated to be substantially 0.335
nm. The density of single layer graphene has been calculated to be 0.77 mg m™. Possessing a
Young’s modulus of 1.02 + 0.03 TPa and a strength of 130 + 10 GPa, it will be appreciated that
graphene is regarded as the strongest material with appreciable size. Further, graphene exhibits a
negative coefficient of thermal expansion, o = — 4.8+1.0 x 107° K™! through a temperature range
of 0-300 K, and a very high thermal conductivity of 3000 W mK™'. Graphene sheets have been

found to be hydrophobic and have a surface energy at room temperature of 46.7 mJ m™2.

[0043] In some embodiments, graphene in the form of graphene nanoplatelets (GNPs) may be

obtained by way of any of various commercial suppliers. Commercially available graphene
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nanoplatelets generally comprise two different average surface areas. In some embodiments,
graphene nanoplatelets with an average diameter of 5 micrometers (um), a thickness ranging
between 6 nm and 8 nm, and an average surface area of 120-150 m%/g, may be used to prepare
nanocomposites. In some embodiments, graphene nanoplatelets with an average diameter of 2
um, and an average surface area of 750 m?/g may be used for in-sifu polymerization. In some
embodiments, the graphene nanoplatelets may range in diameter between 5 um and 10 pum with
surface areas ranging from about 15 m%/g to about 150 m%/g. Further, in some embodiments, the
graphene nanoplatelets may be about 10 um in diameter with surface areas ranging between about
30 m?%/g and about 60 m?/g. Moreover, in some embodiments, the graphene nanoplatelets may be
obtained in an initially dry agglomerated powder form, wherein each agglomerated platelet
comprises several nanoplatelets, as shown in Fig. 4. As will be appreciated, the nanoplatelets

generally are not uniform and comprise uneven edges.

[0044] As discussed herein, in-situ polymerization may be employed in the preparation of
polymer nanocomposites, such as graphene reinforced PET. As will be appreciated, in-situ
polymerization generally includes two steps. A first step comprises intercalating nanoscale
reinforcements in a solution phase by way of compatible polymer precursors or solvents. In a
second step, polymerization is undertaken using the nanoplatelet intercalated solution. As will be
appreciated, dispersing the nanoplatelets into a chemically compatible and low viscosity material
is more efficient than directly mixing nanoplatelets with a highly viscous polymer melt. As such,
it will be appreciated that since ethylene glycol (EG) is a raw material used for polymerization of
PET, ethylene glycol may be advantageously used as a solvent for dispersing graphene
nanoplatelets. It should be understood, however, that the polymerization of PET disclosed herein
is not to be limited to using ethylene glycol as a solvent for dispersing graphene nanoplatelets, but
rather other suitable solvents may be used for dispersing graphene nanoplatelets, without
limitation, such as polyethylene glycol (PEG), mineral oil, carrier systems used for PET liquid

colorant and additives, isopropanol (IPA), N-Methyl-2-pyrrolidinone (NMP), and the like.

[0045] Figure 5 is a schematic illustrating an exemplary sonication process for dispersing
graphene nanoplatelets within ethylene glycol in accordance with the present disclosure. As
indicated in Fig. 5, in some embodiments, graphene nanoplatelets may be added to reagent grade

ethylene glycol at a concentration of 1 mg/ml (i.e., 0.1% weight fraction), placed into suitably
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sized solution beakers, and then sonicated for a specific period of time using a bath sonicator at a
predetermined frequency. In one embodiment, the bath sonicator operates at a frequency of 40
kHz for a period of 106 hours so as to ensure a homogenous dispersion of graphene nanoplatelets
within the ethylene glycol. In some embodiments, the frequency may be ultrasonic, and the time
period may be at least 24 hours, 48 hours, 96 hours, or any period of time deemed appropriate to
homogenously disperse the graphene nanoplatelets within the ethylene glycol. During the
sonication process, illustrated in Fig. 5, the solution beakers were covered with aluminum foil so

as to prevent exposure to atmospheric oxygen.

[0046] Moreover, in some embodiments, dispersions may be prepared by way of either low or
high surface area graphene nanoplatelets. For example, in some embodiments, the graphene
nanoplatelets range in diameter between 5 um and 10 um with surface areas ranging from about
15 m?/g to about 150 m*/g. In some embodiments, the graphene nanoplatelets are about 10 um in
diameter with surface areas ranging from about 30 m?/g to about 60 m?/g. It should be further
understood that the concentration of graphene nanoplatelets is not limited to 0.1% weight fraction,
as described hereinabove, but rather other concentrations may be formed, such as, by way of non-
limiting example, any concentration up to 2%, 5%, 10% and 15% weight fraction. Preferably,
however, the concentration of graphene nanoplatelets is substantially 3% weight fraction of the

PET-graphene nanocomposite.

[0047] As will be appreciated, regardless of the length of time during which sonication is
maintained, only a portion of the graphene nanoplatelets in solution will be suitably dispersed
within the ethylene glycol. Thus, a centrifuge may be utilized to remove the portion of larger
graphene nanoplatelets that are not suitably dispersed within the ethylene glycol. Figure 6 is a
schematic illustrating an exemplary process comprising sonication and centrifugation whereby
larger graphene nanoplatelets are removed, thus leaving a supernatant solution of ethylene glycol
with dispersed graphene nanoplatelets. After centrifugation, the supernatant solution of ethylene
glycol and dispersed graphene nanoplatelets may be decanted for use in polymerization of PET,

as described herein.

[0048] It should be understood that centrifugation may be performed at any rotational speed

deemed suitable, and for any period of time as needed. In some embodiments, centrifugation may

11
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be performed at a rotational speed of at least 1500 revolutions per minute (RPM). In some
embodiments, the rotational speed of centrifugation may be at least 2500 RPM. In some
embodiments, the rotational speed of centrifugation may be at least 3500 RPM. Further, in some
embodiments, centrifugation may be performed at a rotational speed of at least 4500 RPM. Those
skilled in the art will recognize that the concentration of remaining material in the supernatant may
be evaluated by measuring an optical absorbance of the graphene and then correlating the optical
absorbance (4) to the concentration of graphene after centrifugation (Cs) by way of Beer-
Lambert’s law A =aCsl. Figure 7 is a table illustrating a relationship between the concentration
of graphene nanoplatelet dispersions in ethylene glycol as a function of sonication time and
centrifugal speed, as described herein. Figure 7 indicates that in some embodiments, sonication
and centrifugation disperses graphene nanoplatelets in ethylene glycol at concentrations of up to

0.11 mg/mL.

[0049] In some embodiments, transmission electron microscopy (TEM) may be used to
determine a degree of exfoliation of graphene nanoplatelets within the ethylene glycol. As will be
appreciated, a difference in electron densities between ethylene glycol and the graphene
nanoplatelets provides a visible contrast in transmission electron micrographs. The graphene
nanoplatelets appear as dark regions due to their relatively higher density as compared to the
density of ethylene glycol. Thus, TEM is capable of providing two-dimensional information about
the exfoliated graphene nanoplatelets, such as thickness, length, and diameter of the nanoplatelets.
Figure 8 comprises three micrographs illustrating TEM images for graphene dispersion samples
that were sonicated for a duration of 24 hours, 48 hours, and 96 hours, and then centrifuged at a

rotational speed of substantially 1500 RPM.

[0050] As will be appreciated, transmission electron micrographs such as those illustrated in
Fig. 8 facilitate developing a relationship between a sheet size of the dispersed graphene
nanoplatelets and the duration of sonication. Figure 9A is a graph illustrating an average length
and width of the dispersed graphene nanoplatelets as a function of sonication time and a
centrifugation speed of 1500 RPM. Figure 9B is a graph which is substantially similar to the graph
illustrated in Fig. 9A, with the exception that the graphene dispersion samples represented in the

graph illustrated in Fig. 9B were centrifuged with a rotational speed of substantially 4500 RPM.

12
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Figures 9A and 9B indicate that increasing the duration of sonication is associated with a reduction

in the average length and width of the nanoplatelets.

[0051] While the transmission electron micrographs shown in Fig. 8 provide information about
the average length and width of the dispersed graphene nanoplatelets, information about the
thickness (i.e., a number of layers) of the nanoplatelets is required to better determine the degree
of exfoliation of graphene nanoplatelets within the ethylene glycol. It will be appreciated that
Raman spectroscopy is a widely used technique for characterizing graphene. A characteristic
Raman spectrum of single layer graphene is known to have a peak near 1580 cm™' (G-band)
corresponding to C—C stretching of sp? carbon materials. Another peak near 2680 cm ™ (G’-band)
is a corresponding higher order mode. In some cases, a presence of defects in graphene are known
to give rise to a Raman peak near 1350 cm™ (D-band), which is useful in analyzing the quality of
graphene. In the case of multi-layer graphene, the intensity of the G-band (~1580 cm™') may be
used to identify graphene nanoplatelets comprising a thickness ranging between 1 layer and 7
layers. Further, in some embodiments a shape of the G’-band (~2680 cm™), or a 2D-band, may
be used to identify graphene nanoplatelets comprising a thickness ranging between 1 layer and

substantially 4 layers.

[0052] Figure 10 comprises a Raman analysis of the graphene dispersion samples that were
subjected to TEM imaging in Fig. 8. As will be appreciated, a ratio of /»p//g represents the number
of layers comprising the dispersed graphene nanoplatelets. Upon coupling the Raman analysis of
Fig. 10 with the TEM data shown in Fig. 8 and plotted in Figs. 9A and 9B, it becomes apparent
that increasing the duration of sonication better separates the dispersed graphene nanoplatelets into
individual layers, but sonication also operates to decrease the average sheet size of the

nanoplatelets.

[0053] Once the graphene nanoplatelets are suitably dispersed within the ethylene glycol, the
solution may be used for in-sifu polymerization of graphene reinforced polyethylene terephthalate.
In some embodiments, in-sifu polymerization of graphene nanoplatelets dispersed in ethylene
glycol and dimethyl terephthalate may be performed by way of a two-step reaction. A first step is

an ester interchange reaction (EI), illustrated in Fig. 11A, wherein a PET monomer and excess
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methanol are formed. In a second step, illustrated in Fig. 11B, a PET polymer chain and excess

ethylene e glycol are formed by way of a polycondensation reaction (PC).

[0054] Figure 12 is a schematic illustrating an exemplary embodiment of a reactor 104 for
performing the ester interchange reaction illustrated in Fig. 11A. The reactor 104 generally
comprises an insulated reaction chamber 108, a methanol collector 112, and a gooseneck
condenser 116. In the embodiment illustrated in Fig. 12, powdered dimethyl terephthalate (DMT)
is used for the polymerization. Ethylene glycol with dispersed graphene nanoplatelets and the
powdered DMT are charged into the reaction chamber 108 under nitrogen purge at a 2.3:1 molar
ratio, with an excess of ethylene glycol. Catalysts for the ester interchange reaction, manganese
acetate (Mn(CH3COQ),), and for the polycondensation reaction, antimony trioxide (Sb20s), are
also added to the batch at 82 parts-per-million (ppm) and 300 ppm, respectively, and then the batch

is heated to a batch temperature of substantially 175°C under constant stirring.

[0055] Methanol collection begins when the batch approaches a temperature of about 170°C,
indicating that the ester interchange reaction has started. Thus, when methanol collection begins,
the nitrogen purge may be closed. In some embodiments, the batch temperature may be increased
in steps, such as steps of 15°C until the batch temperature reaches substantially 235°C. While the
ester interchange reaction progresses, a temperature within the gooseneck condenser 116 will
increase from room temperature to above 60°C. Once the gooseneck condenser temperature drops
below 60°C, and the methanol collector 112 reaches a theoretical yield of 300 ml, the ester
interchange reaction may be considered substantially finished. In some embodiments, the
gooseneck condenser 116 may be removed and polyphosphoric acid (H3PO4) added to the batch
at 38 ppm so as to terminate the ester interchange reaction. Those skilled in the art will appreciate
that the entire ester interchange reaction may be performed by way of the rector 104 within a time

period of substantially 3-4 hours.

[0056] Figure 13 is a schematic illustrating an exemplary embodiment of a reactor 120 for
performing the polycondensation reaction illustrated in Fig. 11B. In the embodiment illustrated in
Fig. 13, the reactor 120 comprises a reaction chamber 108, an excess EG collection condenser 124
and a vacuum pump 128. During the polycondensation reaction, a temperature within the reaction

chamber 108 may be increased to substantially 285°C and maintained under vacuum (~30 mm Hg)
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until PET of a desired viscosity is obtained. In some embodiments, isophthalic acid (CsHs(COH)»)
and stabilized cobalt may be added at 20 grams and 65 ppm, respectively, to the batch at the
beginning of the polycondensation reaction. It will be appreciated that isophthalic acid limits the
crystallinity of PET, thus making the PET easier to process. The stabilized cobalt operates so as

to control a final color of the PET.

[0057] As the polycondensation reaction progresses, the molecular weight of PET increases
within the reaction chamber 108 and ethylene glycol is released into the EG collection condenser
124. In some embodiments, the EG collection condenser 124 may comprise a round flask
surrounded with dry ice so as to solidify the collected ethylene glycol, and thereby prevent the

ethylene glycol from flowing into the vacuum pump 128.

[0058] It will be appreciated that as an increasing amount of PET is produced, the viscosity of
the batch within the reaction chamber 108 will correspondingly change. As the quantity of PET
increases, the viscosity of the batch increases and thus requires an increasing amount of mechanical
power to stir the batch. Accordingly, the increasing PET will affect an electric current required to
power a stirrer 132 within the chamber. Thus, monitoring the electric current passed to the stirrer
132 provides an indication of the progress of the polycondensation reaction. In one exemplary
embodiment, the electric current passed to the stirrer 132 is monitored for change at 15-minute
intervals. Once no change in the electric current is detected at two consecutive readings, the
polycondensation reaction may be considered substantially finished. The vacuum pump 128 may
then be stopped and the resultant polymer melt may be extruded from an opening 136 at the bottom
of the reactor 120. In some embodiments, the polymer melt may be extruded from the opening
136 into an ice water bath and pelletized using a strand chopper. Figure 14 illustrates reaction
times and yields for exemplary batch polymerizations performed by way of the reactors 104, 120
respectively illustrated in Figs. 12 and 13. Further, one of the exemplary batch polymerizations

comprises an absence of graphene nanoplatelets and thus serves as a control batch polymerization.

[0059] While the invention has been described in terms of particular variations and illustrative
figures, those of ordinary skill in the art will recognize that the invention is not limited to the
variations or figures described. In addition, where methods and steps described above indicate

certain events occurring in certain order, those of ordinary skill in the art will recognize that the
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ordering of certain steps may be modified and that such modifications are in accordance with the
variations of the invention. Additionally, certain of the steps may be performed concurrently in a
parallel process when possible, as well as performed sequentially as described above. To the extent
there are variations of the invention, which are within the spirit of the disclosure or equivalent to
the inventions found in the claims, it is the intent that this patent will cover those variations as
well. Therefore, the present disclosure is to be understood as not limited by the specific

embodiments described herein, but only by scope of the appended claims.
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CLAIMS
What is claimed is:

1. A graphene reinforced polyethylene terephthalate composition, comprising:
a continuous matrix comprising polyethylene terephthalate; and

a dispersed reinforcement phase comprising graphene nanoplatelets.

2. The composition of claim 1, wherein the graphene nanoplatelets comprise a minimal

number of layers of two-dimensional mono-atomic carbon sheets.

3. The composition of claim 2, wherein the number of layers ranges between substantially 1

layer and 7 layers.

4. The composition of claim 3, wherein the number of layers ranges between substantially 1

layer and 4 layers.
5. The composition of claim 1, wherein the polyethylene terephthalate comprises neat PET.

6. The composition of claim 1, wherein the polyethylene terephthalate comprises recycled

PET.

7. The composition of claim 1, wherein the graphene reinforced polyethylene terephthalate is
configured to be injection molded into a graphene-PET preform suitable for forming a

container.

8. The composition of claim 7, wherein the graphene-PET preform is configured to be
reheated above its glass transition temperature and blown into a mold so as to shape the

graphene-PET preform into the container.

9. The composition of claim 1, wherein the graphene reinforced polyethylene terephthalate
comprises a concentration of graphene nanoplatelets ranging between substantially 0.1%
weight fraction and 15% weight fraction of the graphene reinforced polyethylene
terephthalate.
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10.

11.

12.

13.

14.

15.

16.

The composition of claim 9, wherein the graphene reinforced polyethylene terephthalate
comprises a concentration of graphene nanoplatelets being substantially 3% weight

fraction of the graphene reinforced polyethylene terephthalate.

The composition of claim 1, wherein the graphene nanoplatelets range in diameter between

5 um and 10 um with surface areas ranging from about 15 m?/g to about 150 m%/g.

The composition of claim 11, wherein the graphene nanoplatelets include a diameter of

about 10 um with surface areas ranging between about 30 m%/g and about 60 m?/g.

A method for forming a reinforced polyethylene terephthalate products, the method
comprising:
forming a PET resin;
dispersing graphene nanoplatelets into the PET resin to form graphene reinforced
PET resin;
manipulating the graphene reinforced PET resin into pellets;
reheating the pellets to form a molten liquid; and

forming the molten liquid into desired products.

The method of claim 13, wherein forming the PET resin comprises combining ethylene
glycol and terephthalic acid under high temperature and low vacuum pressure to form a

neat PET resin suitable for manufacturing the desired products.

The method of claim 13, wherein forming the PET resin comprises obtaining recycled PET

to form a recycled PET resin suitable for manufacturing the desired products.

The method of claim 13, wherein manipulating the graphene reinforced PET resin into
pellets further comprises distributing the pellets to one or more manufacturers of the

desired products.
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