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Carbanogels are carbon nanotube (CNT) lattices formed by carbon
capture and utilization molten carbonate electrolysis of CO,. Higher
tensile strength polymer composites with these CNTs from CO, are
prepared with epoxies and thermoplastics. The composites use less
polymer to achieve strength, thereby lowering the polymer's carbon
footprint.

Introduction

Plastics are pervasively used and increasingly contribute to
greenhouse gas emissions. However, the replacement of these
materials with non-plastic materials would increase greenhouse
gas emissions even further.® Plastic pollution is of growing
concern, both in terms of the persistence of plastic in the
environment and the large carbon footprint associated with its
production.>® While continuing the pervasive societal use of
plastics, one means to address both of these components of
plastic pollution is to enhance plastic properties to enable lower
usage, that is, to fulfill plastic functions, such as strength,
hardness, or durability, while using less plastic.

Plastic composites prepared with graphene-based nano-
composites to enhance plastic properties, such as polymers
with either carbon nanotubes (CNTs) or graphene, are of
widespread interest.**> However, the commercial cost of
synthesizing these graphene nanocarbons (GNCs) by chemical
vapor deposition (CVD) has been high, and the CVD products
carry a high carbon footprint.'® The current CVD costs of GNCs,
such as CNTs, graphene, and carbon nano-onions, are in the
range of $1 million per tonne.

Reported polymer-GNC composites generally contain
a maximum of 10% GNCs and can contain less than 0.1% GNC.
Nevertheless, this low-level additive can confer substantial
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Sustainability spotlight

New sustainable plastics are demonstrated. Carbanogels are Carbon
NanoTube (CNT) lattices formed by carbon capture and utilization molten
carbonate electrolysis of CO,. Carbanogels remove the greenhouse gas
CO,. Higher tensile strength polymer composites with these CNTs from
CO, are prepared with epoxies and thermoplastics. The composites use
less polymer to achieve strength, thereby lowering the polymer's carbon
footprint.

improvements to the admixtures. The improvements are
derived from the unusual enhancement of properties achieved
by various GNCs, including CNTs with the highest tensile
strength of all materials and excellent electronic, medical,
structural, thermal, and catalytic properties for a range of
manufacturing, medical, electronic, construction, military,
transportation, and athletic applications.

Thermoplastics are often associated with materials requiring
rigidity and include PLA (polylactic acid), PE (polyethylene), PP
(polypropylene), PVC (polyvinyl chloride), ABS (acrylonitrile
butadiene styrene), nylon, Teflon and polycarbonate or PC. PLA,
as a thermoplastic, rather than a thermoset plastic, can be
melted, heated, and cooled to resolidify and formed by
molding, compression molding, machining, or 3D printing,
and this capability is shared with all thermoplastics. The main
limitation of PLA is its strength, which is a challenge that may
be eliminated through the addition of carbon nanotubes.
Historically, PVC-CNT and PLA-CNT composites were made by
either dissolving plastic in solvent and dispersing the CNTs by
sonication, then drying the admixes, or melting plastic beads
mixed with CNTs.**

Alternatively, thermoset plastics are irreversibly cured by
crosslinking in a permanent solid-state and are formed by
chemical reactions. For example, as with thermoplastics, they
can also be printed by 3D printing, but only via chemical reac-
tions such as but not limited to photopolymerization or thermal
chemical reactions. Prior to curing, thermoset plastic pre-cure
components or components are available as liquids, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are often viscous or dense. Thermoset plastics are often resis-
tant to higher temperatures and tend to decompose rather than
melt at high temperatures.

Common examples of thermoset plastics include epoxies
(and epoxy resins), acrylics, phenolics, silicone (polysiloxanes),
polyurethane (PU), polyimide, vulcanized rubber, Bakelite
(polyoxybenzylmethyleneglycolanhydride), poly-
dicyclopentadiene (pDCPD), polyisocyanurate, polyester, poly-
urea, urea-formaldehyde, vinyl ester, cyanate, melamine, and
polyester resins. The improvement of epoxy properties by the
addition of CNTs has been of widespread interest.””> However,
as with thermoplastic-CNT composites, these studies have only
been conducted with high-carbon-footprint CVD-synthesized
CNTs and have not focused on reducing the large carbon foot-
print associated with plastics.

This study presents a new low-cost plastic GNC composite in
which the greenhouse gas carbon dioxide is consumed rather
than emitted.

In 2009 (fundamental) and 2010 (experimental), the process
of splitting CO, into carbon (C) and oxygen (O,) via molten
carbonate electrolysis emerged as a potential solution to
address climate change."””*® High-solubility molten pathways
and the creative use of renewable energy-driven electrolysis
decrease energy and cost. Subsequently, in 2015, it was
demonstrated that during this electrolysis, the growth of tran-
sition metal nuclei leads to the direct conversion of CO, into
pure CNTs'** and other GNCs:

CO5>~ (molten) +/— 4e~ —
C (GNC) + 0, (gas) + 0>~ (dissolved) (1)
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CO, chemically reacts with the electrolytic oxide formed
through eqn (1) to renew CO;>~ following eqn (2):

CO, (gas) + O* (dissolved) — CO5*~ (molten) (2)

Combining eqn (1) and (2) yields a net decarbonization
reaction:

CO; (gas) +/— 4e~ — C (GNC) + O, (gas) (3)

During electrolysis, CO, is split into O, and GNCs. The
latter grows as a matrix of intertwined graphene nanocarbons
and electrolyte on the cathode as delineated in Fig. 1. The
other graphene nanocarbons (GNCs) synthesized include
helical, thin-walled, magnetic, and doped CNTs. Carbon nano-
bamboo, nano-pearl, and nano-tree morphologies as well as
graphene.”*" Expanded details of this electrolysis process,
the separation of the product from excess electrolyte, and
product washing have recently been described and are
detailed in the ESI.{** This GNC/carbonate electrolyte cathode
product mixture has been termed a carbanogel. The carba-
nogel consists of GNCs retaining interstitial electrolyte and is
refined through the separation of the electrolyte.>*** The CO,
electrolysis parameters are manipulated to tailor the specific
GNC produced by controlling the temperature, current
density, and electrolyte composition. For example, a lower
temperature (725 °C) is commonly employed in the electrolytic
formation of carbon nano-onions,” whereas a higher
temperature range (750 to 770 °C) is utilized for the electro-
lytic synthesis of CNTs.?-?22427:29

This conversion of CO, offers an opportunity to harness
greenhouse gases for the production of graphene-stabilized

CO, to Graphene Nanocarbon Material Processes (carbon nanotube example)
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Fig.1 The CO, to graphene nanocarbon material process (carbon nanotube example). (A) CO, is removed directly from air or flue gas (without
preconcentration). (B) CO, is electrolyzed in molten carbonate. (C) The transition metal nucleated mechanism of electrolytic CO, transformation
to CNT at the electrolysis cathode. (D) A pulled 1700 cm? cathode with deposited carbonogel (CNTSs retaining interstitial electrolyte) subsequent
to 18 hours electrolysis at 0.6 A cm™2 in 770 °C Li,COs. (E) SEM of carbanogel subsequent to excess electrolyte removal & (F) TGA of CNT

product.
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Fig. 2 The medium magnification of the SEM image shows the presence of macroscopic carbanogel particles.

nanocarbon allotropes, thereby aiding in climate change miti-
gation. Graphite, a macroscopic form of layered graphene,
serves as a mineral with a geologic lifetime spanning hundreds
of millions of years, providing a stability reference for graphene
nanocarbon materials.

Experimental section
Carbanogel formation from CO,

CO, was split in accord with eqn (1)-(3) in 770 °C molten
Li,CO; between a Muntz brass cathode and a 304 stainless
steel anode at a constant electrolysis constant current density
of 0.4 A cm 2. The CO, source of the CNTs in this study is the
(5% CO,) flue gas from the Shepard Energy Centre natural gas
power plant in Calgary, Canada. TGA of the product analyzed
with a PerkinElmer STA 6000 TGA/DSC (Fig. 1F) showed that
the product was more than 95% (less than 5% residual at 800 °
C) pure and had an inflection temperature of 639 °C, which is
indicative of a high graphene-like resistance to oxidative
combustion. Acid purification further increases the CNT purity
to >97%.

Microscopy of the carbanogel product

Scanning electron microscopy was conducted with a PHENOM
Pro-X scanning electron microscope. SEM images of the products
of this electrolysis at various magnifications. The medium-
resolution SEM image (Fig. 2) shows that the GNC product
consists of 30 to 300 um-thick macroscopic particles. One benefit
of isolating nanoparticles within a macroscopically dimensioned
matrix as individual agglutinated, cohesive particles is that
shipping these macroscopic larger particles mitigates respiratory
hazards. Specifically, potential hazards sometimes associated

2498 | RSC Sustainability, 2024, 2, 2496-2504

with shipping nanoscopic particles are avoided. Other benefits
are that the structure provides an electrical and thermal
conductive matrix, along with a highly porous framework for the
accommodation of polymers, catalysts, or battery intercalation.
At higher SEM magnification (Fig. 3), and over a range of
magnifications (Fig. 4), the same electrolysis product shows that
the individual carbanogel particles are composed of intertwined,
high-purity CNTs. We've reported SEM, TEM, X-ray, and Raman,
of the CNT and various GNC products as detailed in the ESL.{

Preparation and casting of epoxy-CNT composites

To prepare polymer-GNC composites, carbanogels can be used,
as shown in Fig. 2, or crushed and mixed as separated CNTs win
the polymer. One example of the former is the infusion of an
elastomer within the carbanogel particle framework, which will
be shown in a future study. In this study, the carbanogel was
crushed and mixed as separated CNTs with various epoxies for
tensile strength testing. Specifically, a desired weight of the
washed, ground carbanogel was added to the epoxy. The weight
was determined as a percentage compared to the total weight of
the epoxy's resin and hardener.

After CO, electrolysis, the CNTs were added to the epoxy
resin, mixed for 4 minutes at 65 rpm, and then sonicated for 3
minutes. Following sonication, the hardener was added, mixed
at 65 rpm for 4 minutes, and then degassed for 3 minutes at 0.82
bar vacuum pressure. The samples were injected by syringe into
ASTM casts and cured according to the manufacturer's guide-
lines at room temperature, or cured at 60 °C. The epoxies, either
without or with CNTs were cast in ASTM D638 type V “dog bone”
molds and removed for tensile strength testing.

Epoxies become jet black with the addition of CNTs. Exam-
ples are shown (Fig. 5) of dog bones prepared from one of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 A range of magnifications of the SEM product shows the individual carbon nanotubes and intertwined carbon nanotubes in the car-

banogel product.

epoxies, Metlab, either pure or as a composite with 0.5 wt%
CNTs made from CO,.

CNT-epoxy composite tensile strength & hardness testing

The tensile strength of each dog bone sample was measured
with an ETM-10kN Computer Controlled Electronic Universal
Testing Production Machine.

A durometer hardness probe was acquired (Gain Express
Digital Shore D Durometer with 0.5 step resolution), and the

© 2024 The Author(s). Published by the Royal Society of Chemistry

hardness of the Metlab epoxy-CNT composites was measured
with and without added CNTs.

Results and discussion
Polymer composite tensile strength with CNTs from CO,

The mechanical properties of bisphenol-A (BPA) thermoset
epoxies can be significantly improved with the addition of low
levels of CNTs.***” Timber Cast Epoxy (Live Edge Timber Co.,
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Fig. 5 Epoxy cast ASTM D638 type V dog bones used for tensile
(stretch) strength testing. The casts on the left are with Metlab epoxy,
and those on the right are cast with a composite of Metlab epoxy
containing 0.5 wt% CNTs from COs,.

Quebec) is a deep-pour, 4 days-cured BPA epoxy. The resin is
composed of 70-85 wt% chlorohydrin, bisphenol A copolymer/
10-30 wt% o-cresol glycidyl ether, and 65-70 wt% trimethylol-
propane poly(oxypropylene)triamine/35-40 wt% polypropylene
glycol diamine hardener. The hardener was combined ata 1:2
by-weight ratio with the resin.’®%°

ASTM D628 type V casts were prepared with timber cast
epoxy and either 0% (without added CNTs) or 0.5, 1, 1, 5, or
2.0 wt% CNTs from CO, by grinding carbanogels, as charac-
terized by SEM (Fig. 2-4). CNTs were mixed by hand in the resin
and then sonicated for 3 minutes. The hardener was then
added, followed by another 4 minutes of hand mixing and 3
minutes of degassing the sample at 0.82 bar vacuum pressure to
remove air bubbles. The mixed epoxy was added\to the ASTM
dog-bone molds and cured for 4 days at room temperature for
tensile strength tests with an ETM-10kN Computer Controlled
Electronic Universal Testing Production Instrument.

Compared to the tensile strength without the added carba-
nogel (Fig. 6), the tensile strength of the samples with 0.5, 1.0,
1.5, and 2.0 wt% ground carbanogels exhibited 2, 22, 30, and
23% relative increases in the measured tensile strength,
respectively. For epoxy tensile strength-related applications,
a 30% increase in the composite strength proportionally
decreases the quantity of polymer needed, thereby decreasing
the timber epoxy carbon footprint.

Varathane is a BPA (bisphenol A) epoxy that also reacts with
epichlorohydrin (a 90 wt% epichlorohydrin-BPA) but with
different support solvents and hardeners than the timber epoxy,
and is intended for thin, high gloss coatings rather than for
deep pours. It is dissolved as a resin in propylene carbonate
(total < 15%). To form the thermoset epoxy, it is mixed with
a hardener containing <40 wt% 4-nonylphenol, branched,
<25 wt% polyoxypropylenediamine, <20 wt% trimethylpropy-
lene triamine, 2-nonyl phenol, branched, 1-(2-aminoethyl)
piperazine and <0.1 wt% 1-propene.*’

The Varathane samples were prepared with equal volumes of
resin (10.87 g of resin and 8.83 g of hardener). Due to the lower
viscosity of the Varathane hardener compared to the Timber
hardener, rather than the resin, the hardener and sufficient
CNTs were combined to produce the 0, 0.05, 1, 1.5, or 2 wt%
CNT composites. The hardener CNT was mixed by hand and

2500 | RSC Sustainability, 2024, 2, 2496-2504
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Timber Cast Epoxy/ Carbanogel Composite

50 | cured at room temperature

m Tensile strength (Mpa)

40 | mTensile strength change (%) 25 ;\?
‘a :
Fd ]
H &
¥ 20
30 | :
c
S B
g c
a 15 ¢
o 0
2 20 | 2
2 10 8

&

10 |

0.0%

0.5% 1.0% 1.5%
Carbanogel in Polymer (%)

2.0%

Fig.6 Comparison of the absolute and relative tensile strengths of the
timber epoxy with and without carbanogel CNTs from CO,.

then sonicated for 3 minutes. The resin was added, and the
mixture was hand mixed for 3 more minutes, degassed for 3
minutes, cast in dog bone molds, cured for 4 days at room
temperature, and tested for tensile strength.

Compared to the Timber epoxy, the Varathane-CNT
composites exhibit greater relative tensile strength (Fig. 7), with
a 55% increase in strength for the 1 wt% CNT composite.
Hence, the same tensile strength of Varathane epoxy prepared
with the 1 wt% Varathane-CNT epoxy requires 1/1.55 (~64%)
less polymer, decreasing the Varathane epoxy carbon footprint.

Jetset-Metlab epoxy is a fast-curing BPA epoxy. The resin
contains 80-90 wt% propane, 2,2-bis[p-(2.3-epoxypropoxy)
phenol], polymers and 10-20 wt% alkyl(C12-14) glycidyl ether.
The hardener is composed of 60-70 wt% diethylenetriamine,
30-40 wt% bisphenol A, <0.8% aminoethylpiperazine, and
<0.2% ethylenediamine.*** A total of 27.1 g of resin is used with
each 2.8 g of hardener. CNTs from CO, are mixed with the resin
and combined with the hardener and prepared for the dog bone
tensile strength test as described for the Timber epoxy and

Varathane Epoxy/ Carbanogel Composite

20 | cured at room temperature
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Fig. 7 Comparison of the absolute and relative tensile strengths of
Varathane epoxy with and without carbanogel CNTs from CO,.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cured for a longer period of time, 5 days at room temperature, to
reach the curing limit.

The tensile strength of the room-temperature-cured Jetset—
Metlab-CNT composites (Fig. 8) exhibited a maximal tensile
strength increase of 48% at 1.0 to 1.5 wt% carbanogel in the
polymer.

Interestingly, this Metlab composite exhibits greater
strength increases at low (0.5 wt%) carbanogel CNT additions,
and as noted for the other epoxies, the increase in strength is
equivalent to a decrease in the needed polymer, resulting in
a decrease of the carbon footprint for each of the three
composites of epoxy-CNTs from the CO,.

A durometer hardness probe with 0.5 step resolution was used
to measure the hardness of the Jetset-Metlab epoxy samples
prepared with and without added CNTs (Fig. 9). The magnitude
of the hardness increased from 74 without CNTs increases to
a maximum value of ~78 in the same CNT concentration range
(1 to 1.5 wt%) as the maximum measured tensile strength with
added CNT concentration domain in Fig. 8. Beyond the perco-
lation threshold concentration of approximately 2% CNT, poly-
mer conductivity increases are also anticipated.

The conditions of curing will affect the epoxy strength. Jetset—
Metlab epoxy was also prepared with an alternative (60 °C, rather
than room temperature) cure and over a wider range of carba-
nogel concentrations (Fig. 10). In the figure, curing at a higher
temperature increases the tensile strength, either without or with
the added CNTs. With the Jetset-Metlab-composite, the trend of
enhanced tensile strength with added CNTs continued under
lower CNT conditions, albeit to a lesser extent.

Thermoplastic-carbanogel tensile strength increase

As a preliminary low-carbon footprint thermoplastic study,
plastic-carbanogel high-quality composites were made with
thermoplastic PLA or ABS rather than thermoset epoxies by
extrusion. Thermoplastic carbon nanotubes have been previ-
ously studied,**™** albeit without CNTs made from CO, This

Metlab Epoxy/ Carbanogel Composite
50 |
cured at room temperature
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Fig. 8 Room-temperature-cured Metlab epoxy. Comparison of the
absolute and relative tensile strengths with and without carbanogel
CNTs from COs.
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Metlab Epoxy/ Carbanogel Composite
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Fig. 9 The measured hardness of room Metlab epoxy with and
without carbanogel CNTs from COs.
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Fig. 10 60 °C cured Metlab epoxy. Comparison of the absolute and
relative tensile strengths with and without carbanogel CNTs from CO,.

preliminary communication focuses on the PLA-carbanogel
composites. PLA Plus pellets (3DXTech) beads were mixed with
or without 1% of the (uncrushed carbanogel) and fed at 220 °C
through a Felfil Evo Filament Extruder, exiting through the
filament nozzles for cooling, hardening, and fiber collection by
a Felfil Evo Spooler. The filament was then fed through a Felfil
plastic shredder, and the shorter filaments looped back into
the extruder. This process was repeated five times to ensure
effective PLA/CNT mixing. The finished fiber was crosshatch
printed with a Creality Ender 3D printer to form the ASTM
D638 V dog bones for tensile strength testing. PLA-CNTs from
the CO, composites (0, 2, 4, 6, or 8 wt%) were prepared, and the
6 wt% composite exhibited a maximum 65% increase in
textural strength.

Incentivized carbon mitigation

An equivalent performance with less plastic equates to
a decrease in the plastic footprint. The current commercial

RSC Sustainability, 2024, 2, 2496-2504 | 2501
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costs for GNCs, such as those for CNTs, nano-onions, and
graphene, are high due to the high energy, material, and
energy costs, and high carbon footprint of CVD production. In
comparison, the only reactant involved in the C2CNT (CO, to
carbon nanomaterial technology) formation of GNCs is CO,,
and the electrolysis energy needed to split and transform CO,
to GNCs ranges from 0.8 to 2 V.* Hence, C2NCT GNC costs are
up to 3 orders of magnitude lower than those of CVD, and in
bulk are on the order of $1000 per ton. C2CNT GNC costs and
production components are comparable to those of another
industrial electrolytic process that splits aluminum oxide to
produce commercial grade aluminum metal.** C2CNT costs
decrease further when solar and wind provide alternative
energy sources.”®” In comparison, the plastic material and
resin price index has reached $300-$400 per tonne over the
past 3 years.*® Hence, a 1% by weight C2CNT addition of GNC
that adds less than $30 to $40 per ton cost to plastics will be
offset if substantial (>10%) mechanical, thermal, or electrical
improvements are achieved. Similarly, the carbon footprint is
reduced when less plastic is used to achieve the desired

property.

Conclusions

Polymer composites with carbon nanotubes made from CO,
provide a path for lowering plastic pollution and the carbon
footprint of plastics. Carbanogels, which form during the
electrolysis of CO, in molten carbonates, provide highly
porous matrices of graphene nanocarbons, such as carbon
nanotubes.

Low-level carbanogels can be combined with plastics to form
polymer—carbanogel composites, including polymer-CNT
composites. Carbon nanotubes have intrinsic properties of high
strength and high thermal and electrical conductivity, and in
plastic composites, these properties can improve the charac-
teristics of plastics. A few percent addition of these carbanogel
CNTs can increase the tensile strength of both thermoset
epoxies and thermoplastics. In several cases, this strength
enhancement is greater than 50%. The need for less plastic to
achieve the same strength lowers the polymer's carbon foot-
print. Increases in polymer hardness and conductivity can also
be anticipated with the addition of CNTs produced CO,. The
greenhouse gas CO, provides a low-cost reactant to form gra-
phene nanocarbon composite additives by electrolysis.
Combined with the low cost of electrolysis, this results in an
expensive decarbonization process to incentivize lower CO,
emissions associated with the pervasive use of plastics.
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