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ABSTRACT

Lignin is an abundant, underutilized, and renewable material that can also be
used as feedstock for many industrial products. As part of the recent push for
renewable materials development, this dissertation explores controlling the
morphology of lignin-derived carbonaceous products via simple means for
energy storage and polymer composite applications.

Lignin is a complex, multifunctional, and diverse molecule, and its functionalities
depend on biomass source and isolation methods. Attempts have been made to
produce lignin-derived spherical carbon particles but with limited success. In
order to better understand the mechanism for controlling carbonized lignin’s
morphology, a good first step is to study a simpler carbohydrate. Through the
hydrothermal reaction of sugar and biomass pretreatment byproducts in agueous
medium, | learned the self-assembly mechanism of hydrochar spheres.
Laboratory experiments and modeling revealed that when hydrothermal reaction
was carried out in an emulsion medium, hollow hydrochar spheres with abundant
microporosity can be formed. After carbonization and surface activation, the
carbon produced can be used as supercapacitor electrodes.

Before attempting hydrothermal processing of lignin, | aimed to find a simple way
to control carbonized lignin’s porosity in solid state via induced crosslinking
during melt-mixing with a 10% rubbery macromolecule. After stabilization and
one-step carbonization and surface activation, derivative carbon’s surface area
and supercapacitor electrode performance was increased. With the lessons
learned from solid-state lignin crosslinking and synthesis of carbohydrate-derived
spherical hydrochar via solvothermal pathways, | focused on designing a method
to produce spherical carbon particles from lignin. By subjecting lignin with
solvothermal treatment in DMSO, a good solvent for lignin, spherical stabilized
lignin particles were made. In a solvothermal condition, lignin crosslinking caused
lignin precipitation, much like carbohydrate-derived spherical hydrochar. After
carbonization, uniform spherical carbon was formed without templates, scaffolds,
surfactants, or copolymers.

Lastly, | discovered that by using a simple self-assembly of lignin in
nanoprecipitation, spherical lignin nanoparticles can be produced and stabilized
in air without superheating in solvents. Using hydrothermal treatment, lignin
nanoparticles could also be stabilized. However, hydrothermally stabilized
particles released less volatiles during carbonization, leading to fewer defects
and porosity in the resulting free-flowing carbon useful as polymer reinforcing
agent.
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Figure 1.5. Carbon surface characteristics based on gas adsorption-desorption
isotherm and porosity. (a), (b), and (c) Isotherms for adsorption-desorption
for aY, Y and N series samples respectively. (d) Pore size distributions for
different samples determined using the Quenched Solid Density Functional
Theory (QSDFT). (e) Pore size distributions at longer length scales > 2nm to

200 nm. The color schemes are shown in the legends........cccccccceeviiinnnnnee. 47
Figure 1.6. Small angle X-ray scattering (SAXS) data for N45 and Y45 carbon
Tz 10 0] 0] (ST T PO PUPPRPP PP 49

Figure 1.7. Capacitance measurement using carbonaceous materials as
electrodes of EDL supercapacitors. (a) Cyclic voltammetry IV curves for Y45
at 10, 20, 50, 100 and 200 mVs-1 scan rates. The legends are in mVs-1 (b)
Charge-discharge experiments for Y45 sample at 200, 500, 1000 and 2000
mAg-1 current densities. Legends are in mAg-1. (c) Capacitances for all the
samples as shown in the legend color code. (d) Table showing the
capacitance values at two different scan rates. (e) Electrochemical
impedance spectroscopy (EIS) results and (f) Cycle stability of aY20, aY45,
=T o = N 0 1 TR SERRT T 51
Figure S1.1. Thermogravimetric analysis of all hydrothermal synthesized
samples prior to high temperature carbonization. Onset of thermal
decomposition, thermal stability, and yield all follow the trend with
165>45>20 for N samples due to longer hydrothermal synthesis duration
provides larger degrees of stabilization. The same conclusion however,
cannot be drawn for the Y samples mainly because of the residue paraffin oil
being burned off at ca. 300°C. All samples saw decomposition and
carbonization up till ca. 700°C. Weights stay largely constant after ca.
700°C. N samples have noticeably steeper slopes and weight loss at ca.
400°C to 700°C due to volatile evolution which are less pronounce in the Y
samples due to different carbonization mechanism. ...........cccccccceeeiiiiiinnnnnee. 64
Figure S1.2. Electrochemical testing of the carbonaceous products when used as
supercapacitor electrodes. Cyclic voltammetry of (a) Y20, (b) Y165, (c) N20,
(d) N45, (e) N165, (f) aY20, (g) aY45, and (h) aY165 at 10, 20, 50, 100, and
200 MV S-1 SCAN FALES. ...cooiiiiiiiiiiiieeeeeeee s 65
Figure S1.3. Electrochemical testing of the carbonaceous products when used as
supercapacitor electrodes. Charge discharge curves of (a) Y20, (b) Y165, (c)
N20, (d) N45, (e) N165, (f) aY20, (g) aY45, and (h) aY165 at 200, 500, 1000,
and 2000 MA g-1 current denSitiesS. .......cccuuviieieiiieee e 66
Figure S1.4. Surface characterization and electrochemical testing of woodchip
pretreatment liquid effluence-derived activated carbon. (a) Isotherm, (b) Pore
size distribution, and density functional theory calculation reveals an
abundance in microporosity (72%) and a smaller amount of mesoporosity
(28%). (c) Cyclic voltammetry with symmetric rectangular shapes (at 10, 20,
50, 100, and 200 mV s-1 scan rates), (d) Charge discharge profiles with
symmetric triangular shapes (at 200, 500, 1000, and 2000 mA g-1 current
densities), and (e) Electrochemical impedance spectroscopy Nyquist plot
indicating almost ideal capacitive behavior. (f) Capacitance vs. scan rates.
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(g) 5000 cycle stability with 90.5% capacitance retention supporting
electrode’s practical application. ...........oooociiiiiiiiii e 67
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show increase in (002) peak intensity with increase in temperature.
Transmission electron micrographs of the surfaces of 20 hours
solvothermally-treated lignin carbonized at f) 800°C, g) 1200°C, and h)
10500 PSP 100

Figure 3.2. Coarse-grained molecular dynamics simulations showing evolution of
spherical carbon beads from lignin. a) Initial simulation setup of 12-mer lignin
molecules in a cubic box. Evolution of crosslinked lignin structures evolution
for b) 1 million, c) 3 million, and d) 4 million LJ time-steps. e) Color
representation of d) clearly visualizes the spherical structures. f) Radial
distribution function of layered monomers inside the spherical shaped
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INTRODUCTION

Chemistry of Lignin

Lignin is identified as a structurally complex,* highly branched, and
multifunctional polymer? with various functional groups: aliphatic, phenolic
hydroxyl, carboxyl, carbonyl, and methoxyl groups. It is a molecule found in
plants that can make up to almost half of its weight.! In woods, while cellulose
made up of ca. 70% of its weight, lignin can make up the other 30% with a minor
component of hemicellulose.® Much like engineering composites, lignin in plants
acts as a matrix polymer which holds tight to the cellulose fibers, giving plants
their strength.

Lignin molecules are phenylpropane units made from different aromatic alcohol
precursors. These are coumaryl alcohol, guaiacyl alcohol, and syringyl alcohol.
When plants grow, these aromatic alcohol precursors link together to form a
complex three-dimensional molecule.* Lignin structures are very complex, and
their types are very diverse. Based on the different environments that plants grow
in and the plant species, e.g., pine, poplar, eucalyptus, corn stover, miscanthus,
and switchgrass,® lignin molecules can differ extensively. The molar mass,
polydispersity, and the glass transition temperature, three critical parameters for
polymer production from lignin, varies with the origin of the lignin molecule.!

Besides the different plant species, lignin molecules also differ based on the type
of process used to separate them from the plant biomass. There are two main
types of processes: sulfur process and sulfur-free process. They produce four
main types of lignin: kraft lignin, sulfite lignin, solvent pulping lignin, and soda
lignin.®

Kraft lignin, which is lignin derived from the sulfur process, contains 1-2% of
sulfur. It also contains a large number of condensed structures and phenolic
hydroxyl groups. Lignosulfonate lignin (sulfite lignin), the other lignin type from
the sulfur process, has a considerable amount of sulfur in the form of sulfonate
groups. It is the most studied lignin type for industrial applications such as
binders, adhesives agents, additives, etc. However, lignosulfonate is often
contaminated by impurities from the lignin extraction process, which affect its
reactivity during polymer production downstream.

Organosolv lignin and soda lignin are the two types of lignin from the sulfur-free
process.! Organosolv lignin is generally purer and of higher quality. Soda lignin,
the second type of lignin from the sulfur-free process can sometimes contain high
silicate and other inorganic contents due to the extraction procedure.’



Lignin as an Underutilized Byproduct

Lignin is, in fact, the second most abundant natural polymer after cellulose but is
one of the most underutilized resources.® It can be a byproduct mainly from the
pulping industry. Currently, the majority of lignin produced is only burnt as a low-
cost fuel for heat recovery at an equivalent value of ca.4 cents a pound.® To
isolate lignin from biomass, specialty enzymes, acids, bases, organic solvents, or
hydrothermal methods are used to dissolve different plant components for
accessing cellulose, the primary product. Lignin is in turn left behind.'® A typical
pulping plant can produce ca. 100K to 200K tons of lignin per year.® In total, it
has been estimated that 50 million tons a year of lignin is produced just from the
paper and pulp industry,? but only two percent of it is being commercially utilized
to produce value-added products.! Despite its low utilization, new pulping plants
continue to be built. Traditionally, pulping plants produce more lignin than their
energy needs, leading to lignin production continuing to soar.® It was predicted
that by 2022, new pulping plants would produce an additional 62 million tons of
lignin.** Pulping plants are keenly interested in making value-added products
from lignin as an additional revenue stream.® The abundant availability of this
renewable material could meet the needs for global concern of energy
independence, rural development, and climate.'?

Strategies to utilize lignin for these needs include developing lignin-derived low-
cost carbon fibers, plastics, adhesives, foams, membranes, thermoplastic
elastomers, carbon, fuels, chemicals, etc., which mostly are produced from
petroleum currently. However, each application faces its hurdles. For example,
because of the diversity and multifunctionality of lignin, scientists face challenges
in producing lignin-derived fuels and chemicals with high purity. Many competing
reaction pathways of lignin yield multiple product streams in a process, making
them unusable without extensive separation and purification processes.*® To
further exemplify challenges with lignin valorization, it is convenient first to
introduce the different applications of lignin-based products.

Lignin-Derived Chemicals

Searching for a viable way to produce lignin-derived chemicals is a hot area of
research. Some of the many chemicals actively being researched are vanillin,
syringic acid, dicarboxylic acids, phenols, and dimethyl sulfide.4*> With some of
the lignin’s unique properties, it has also been explored to use as a resin,®
adhesive,'’ binder,® and dietary supplement.** However, because of the
multifunctionality and the diverse nature of lignin, most processes being



developed can only achieve a low yield and low selectivity for the targeted
compound. As a result, additional costly purification steps are often needed.?®

One of the most successful lignin-derived chemicals would be the production of
vanillin.2® Vanillin is a common cosmetic, food, and beverage additive for
flavoring purpose and is the main ingredient in vanilla. Since 1937, lignin has
been used to produce vanillin until the wider adaptation of petroleum-based
feedstocks.?! The most common method to produce lignin-derived vanillin is the
wet aerobic oxidation process. This process involves treating lignin at 160—

170 °C under 10-15 bar pressure in an alkaline solution with the presence of a
catalyst in air.?? The yield of vanillin is low and is typically under 20 %.2% As a
result, robust purification steps are needed. The most common method would be
first to react vanillin with bisulfite to increase its solubility in water. Impurities can
then be separated by the extraction of an organic solvent with vanillin remaining
in the agueous phase. 2* With the high cost of purification and production, lignin
only produces 15% of the global production of vanillin. Currently, the majority of
vanillin is produced from petroleum sources. Only less than 1% is extracted from
vanilla beans.> 23

Using lignin as part of a resin blend is also an attractive application. Epoxies and
phenolics are two promising areas.?® Lignin can be used as an adjunct
crosslinker.?® For example, for a lignin-derived epoxy system, lignin can first be
reacted with epichlorohydrin and subsequent purified.?® In 2000, lignin-based
epoxy resin system was commercialized and produced at an industrial scale until
the liquidation of the company in 2000.17 In 2001, lignin has been attempted to
replace part of an epoxy resin for printed circuit board and exhibited properties
comparable to commercial products.® However, impurities in lignin often
complicate the effort for using lignin as a resin.t’

Alternatively, in phenol-formaldehyde resin productions, lignin can be used as
part of the precursor instead of phenol.?’ It has been shown that with the
incorporation of lignin, the rigidity of the polymer was increased.?® Lignin-derived
phenol-formaldehyde resins can be used as environmentally friendly adhesives
for plywood, chipboard, or fiberboard.

Using lignin as a dietary supplement is another active area of development.'4
Lignin has shown to be a good free-radicals scavenger!4 and potentially a natural
antioxidant.?® Other work has shown that lignin can also contain antiviral,°
antibiotic, and anti-carcinogenic activities and has the potential to be of additional
dietary fiber for animal feeds.3* Many of these applications will require further
research and are still under development in terms of the optimal dosage and
potential side effects.3!



Lignin-Derived Fuels

As mentioned above, 50 million tons of lignin are produced annually, just from
the paper and pulp industry. Due to the United States Renewable Fuel Standard,
as part of the Energy Independence and Security Act of 2007, which set
roadmaps for the implementation of biofuel production, the number of
biorefineries in the US and in turn, lignin production, is projected to increase.
With an increasing amount of lignin, it became necessary to find a viable usage
of lignin such as a high-demand commodity. Currently, the most viable usage of
lignin is in fuels.3?

Ample research has been done on lignin-derived fuels. Comparing to common
liquid fuels, lignin is a much larger molecule with ca. 800-900 carbon atoms and
ca. 35% oxygen. For common fuels like gasoline and diesel, they contain only 5-
10 and 12-20 carbon atoms respectively with no oxygen content. As a result, the
general strategy of making lignin-derived fuels is by depolymerizing lignin into
smaller molecules, decreasing the O/C content, and increasing the H/C
content.3?

Lignin depolymerization can be performed in a plethora of ways. However, these
methods usually result in a complex mixture of products, and each compound
constitutes to a few percent.®® A few of the lignin depolymerization methods are
described below.

1) Pyrolysis
One of the most promising routes is pyrolysis. For example, fast pyrolysis
is the thermal treatment of lignin at ca. 375-530 °C in an inert
environment. During fast pyrolysis, lignin breaks down, forming many
phenolic compounds.3? Lignin breaks down along with the cleavage of its
interunit linkages via deoxygenation, hydrogenation, dealkylation, and
demethoxylation.'® Lignin pyrolysis often comprises of a mixture of bio-oil,
gas, and char. 32 For the purpose of lowering the required pyrolysis
reaction temperature, a hydrogen atmosphere and a catalyst can be
provided for the system. In addition, catalytic hydropyrolysis produces
fuels with lower oxygen contents.'®

2) Sub-and-supercritical water
The depolymerization of lignin can also be carried out in an aqueous
environment. In the presence of water, ether linkages, alkyl groups, and
methoxyl groups on lignin are easily cleaved. Residual lignin and lignin
fragments can also concurrently be crosslinked into larger molecules.34-37
For an increase bio-oil yield, it has been shown that the addition of



alkaline into the sub-and-supercritical water treatment of lignin would
promote its hydrolysis.38-3°

3) Solvent depolymerization

For high yields of lignin depolymerization products, instead of aqueous
solvents, lignin can be subjected to organic solvents like ethanol,#0-43
methanol,***> acetone/water,*¢ and butanol*’ for its solvothermal treatment.
The typical solvothermal treatment of lignin takes place at ca. 200-350 °C
with a self-generated pressure for its depolymerization.®

To convert depolymerized lignin phenolics into value aromatics and alkanes to be
used in the drop-in replacement of liquid fuels, upgrading would need to be
carried out. Hydrodeoxygenation is a typical method for such upgrading.
Hydrodeoxygenation usually involves the treatment of lignin-derived phenolics in
a hydrogen environment at high pressure and temperature between 200-500 °C
with the presence of a catalyst. The hydrogen environment can come in the form
of a pressurized gas or a hydrogen-donor solvent such as formic acid.*®-*° During
the reaction, oxygen is removed as water, saturating the aromatics.®? The
challenge with lignin-derived bio-oil upgrading would be finding a robust catalyst
and fundamental understanding of lignin chemistry®?

Another type of lignin-derived fuel can be syngas. During the production of lignin-
derived syngas, lignin decomposes and gives off a mixture of gaseous products
like hydrogen, carbon dioxide, carbon monoxide, methane, and possibly
dihydrogen sulfide gas. The gas mixtures are collectively known as syngas.
Syngas can be used for generating electricity or be further reformed into liquid
fuels and chemicals. Lignin-derived syngas can be carried out mainly by lignin
pyrolysis or gasification.®

1) Gasification
Under a high-temperature environment, lignin degrades, giving off volatile
gaseous compounds. The incomplete combustion of lignin leaves behind
char residue, which can further react with its gaseous products like carbon
monoxide and steam to be further gasified.>® Gasification of lignin can be
carried out in the presence of steam, oxygen, and catalysts.5?

2) Pyrolysis
As mentioned, pyrolysis of lignin gives off a host of products which include
hydrogen and methane, the main components of syngas.>? However,
pyrolysis of lignin typical yields a large amount of solid residue of up to
40% and thus, limiting the fraction of lignin biomass that can be gasified.!®



Lignin as a Polymer Blend Component

Polymers, e.g. plastics, are currently primarily made from petroleum. Interests in
lowering fossil fuel dependence raised the interest of finding renewable polymer
fillers. Many favorable properties of lignin put it as a desirable candidate. For
example, Thielemans and Wool stated that lignin incorporation into a polymer
could improve its stiffness, thermal stability, biodegradability, and oxidation
resistivity.>3 However, many drawbacks of lignin make its application as a
polymer filler challenging. According to Wu and Glasser, “lignin is obviously
designed as a high impact strength, thermally resistant thermoset polymer”;
however, there are “technical limitations and constraints imposed by the
polymeric nature” of lignin.3

For example, lignin is a brittle material. In many cases, when lignin is mixed into
polymer matrices, the elongation at break is generally decreased, while the
tensile strength can sometimes be maintained.>* Secondly, a lignin's phenyl
rings, phenolic hydroxyl groups, and aliphatic hydroxyl groups are likely to
associate with each other in an intermolecular fashion. Interaction through
hydrogen bonding, van der Waal’s attraction, intermolecular crosslinking,>® and
pi-pi stacking of aromatic groups are possible.%® These cause lignin to self-
aggregation resulting in a lack of dispersion of lignin®>” within polymer matrices,
especially with thermoplastics.%8

By using simple methods, our research group is progressively improving lignin’s
miscibility in polymer matrices. For example, Akato et al. found that adding 10%
PEO into lignin acrylonitrile butadiene styrene (ABS) blends, ABS’s mechanical
properties can be largely maintained. PEO played a crucial plasticizing role in
lignin while stiffening the ABS. PEO addition allows the lignin domains to
disperse better, reducing their domain sizes from 300-1000 nm to 200-500 nm.>°
Tran et al. turned their attention to optimizing lignin-NBR blends by studying
different acrylonitrile contents and mixing temperatures. Lignin-NBR crosslinking
was utilized to tune the composite’s morphology and performance. The produced
products have “unprecedented yield stress” of up to 45 MPa.®° Most recently, by
meticulously tuning lignin-NBR’s dynamic temperature-induced crosslinking,
Nguyen et al. were able to mix up to 60% lignin in NBR and produced a shape
memory rubbery material. When coated with a thin layer of metallic
nanoparticles, its conductivity can be altered with strain, possibly serving as a
good health monitor for structures.b!

Other research groups have proposed many other strategies. These include
creating more uniform lignin prior to polymer blending. In terms of lignin T4 and
molecular weight, it can be modified by fractionation,®? crosslinking,? and
depolymerization.®® Soft segments can also be introduced into lignin,>* making it
less brittle. To increase lignin’s compatibility with a polymer matrix, it can be



modified chemically.%® Last but not least, bioengineering has made advances to
make lignin with more desirable properties, such as reducing its crosslink
densities and making it more extractable.%

Using lignin as a macromolecular precursor of a polymer and even a filler in a
polymer matrix is ongoing work. On par with lignin-polymer blends, a focus on
the carbon and composite research community for lignin valorization is
carbonized lignin.

Carbonized Lignin

Carbon Fiber

Carbon fibers are high-performance materials that have great specific strength,
stiffness, temperature stability, and wear resistance.®® Polyacrylonitrile (PAN) is
the traditional carbon fiber precursor. Many desirable mechanical properties of
carbon fibers can be originated from their graphitic layers, aligning along the
fiber, giving great mechanical strength. PAN-derived carbon fibers have been
widely used as reinforcement in advanced composites for the aerospace,
construction, and automotive industries.%®

In the past decade, policy changes have mandated automobiles to meet higher
fuel economy standards. To meet the new regulation, car manufacturers turned
to carbon fiber-reinforced composites as replacement of steel and other metals to
reduce vehicles’ weight and increase their fuel economy. However, carbon fibers
made from polymeric precursor such as polyacrylonitrile (PAN) are too costly for
automotive application compared to steel. Prompting new research interest in
developing low-cost carbon fiber, positioning lignin as the next viable carbon fiber
precursor.%’

Because of lignin’s aromatic structure, it was perceived to be useful for making
graphitic structures.®® Much like PAN-derived carbon fibers; lignin can first be
spun into lignin fibers in a molten or solvated state, thermally stabilized, and
finally carbonized in a pyrolysis process.® During lignin pyrolysis, its abundant
functionalities yield volatiles, oxidized products, gasses, and moisture, creating
pores and defects on the fibers.®® The resulting lignin-derived carbon fibers
contain a large amount of porosity and lacking orientation in their graphitic
structures.’® Porosity and defects are detrimental to structural carbon fibers.”* As
oppose to lignin-derived carbon fibers, the traditional PAN-derived carbon fibers
have little porosity with long-range ordered graphitic structure, giving desirable
mechanical properties.”> Ongoing work aims to develop a better understanding
on the fiber-forming precursor synthesis and lignin chemistry.®



It is known that a carbon fiber’s properties are mainly dependent on its
precursor.® On this front, researchers are trying different lignin types, blending
with additives, and co-spinning lignin with another polymer.® Lignin is a
polydisperse polymer with low degradation temperature relative to its softening
temperature, making fiber spinning and stabilization challenging and crucial. To
tackle this, lignin fractionation prior to spinning has been attempted.’* It was also
proposed that the addition of plasticizers and functionalizing lignin could lower its
softening point, facilitating its processing. With this, much attention with lignin-
derived carbon fiber has turned to specialty carbon fiber such as using
electrospinning to producing porous carbon fibers in the nano-scale for special
functionality.®®

Carbon Black

Carbon blacks are fine particles fused into chain shaped aggregates ranging
from 10-500nm that are mainly composed of elemental carbon. It is usually
produced by the incomplete combustion of natural gases, olil, or other fossil fuels.
The type of feedstock, reaction time, and reaction temperature define the type of
carbon black made. The types of carbon black can vary in size, shape, porosity,
and degree of aggregation, which can affect its mechanical properties,
processability, miscibility with polymers, tinting ability, electric conductivities,
etc..”

Carbon black serves as an additive for many purposes such as to enhance
material performance, coloring, conductivity, viscosity, static charge control, and
UV protection. We can find carbon black in many products like coatings,
polymers, fibers, paper, cement, concrete, batteries, metals, foams, printing inks,
etc.”* Even though the use of carbon black is diverse, over 90% of the carbon
black produced is used in rubber applications.

Many processes can be used to make carbon black. The most adapted process,
which accounts for more than 98 % of the world’s annual carbon black production
is the furnace black process. 7 In this process, a liquid hydrocarbon, e.g. heavy
oil, is used as a feedstock and a gas, e.g. natural gas, is used as a heat source.
The feedstock and heat source are sprayed and combusted in a furnace. Within
seconds, the mixture is quenched by cold water, and the reaction stops. Carbon
black traveling in the gas is cooled down, filtered, collected, and palletized. In the
end, free-flowing pitch-black powder with >95% carbon content can be formed.”

These particles produced consist of concentrically arranged, graphite-like
crystallites. However, the graphite layers are often twisted and disordered,
making carbon black a disordered form of graphitic carbon at best. If needed,
ordered graphite can be produced with a graphitization process at ca. 3000 °C.7*
Heteroatoms like oxygen, nitrogen, and sulfur functionalized on carbon black
surface are common. If the carbon black is designed as an additive for a polar
matrix, oxidative treatment can be carried out to induce additional oxygen content



of up to 15%. These additional functional groups like carbonyl, carboxyl, phenol,
ether, etc., can give better polymer matrix-carbon black interaction. 74

In many ways, carbon black is similar to carbon fiber. Challenges in producing
lignin-derived carbon black are similar to challenges in making lignin-derived
carbon fibers. The many challenges, however, can potentially be of advantage to
lignin-derived activated carbon. The fourth chapter of this dissertation further
discusses lignin’s potential as a carbon precursor for polymer composite
applications.

Activated Carbon

Activated carbon is a highly porous carbonaceous material.” It is largely made
up of amorphous structures with randomly oriented domains of microcrystalline
structures and slit-shaped pores.”® The microcrystallites can be functionalized
with heteroatoms like oxygen and nitrogen. These defects expand aromatic
carbon sheets when compared to graphite.”” Morphology of an activated carbon
depends on its precursor and the carbonization and activation parameters.’®
Common activated carbon precursors can be fossil fuels like coal and lignite or
biomass like coconut shells, wood, and animal manure.”

Typically, biomass can be made into activated carbon with carbonization and
activation processes. Carbonization involves thermally induced chemical
changes in carbon precursors along with the formation of evolved gases.&
Functional groups and volatiles from lignin continuously degrade the chemical
structure over a broad temperature range typically yielding 30-50 % carbonized
carbon up to ca. 1000 °C in an inert environment.81-82 Activation in an oxidizing
environment results in the removal of carbon, which develops an extensive
porous structure. Pores on activated carbon can come in many forms. When a
pore is larger than 50 nm, it is classified as a macropore. When a pore is
between 2 nm to 50 nm, it is classified as a mesopore. When a pore is 2 nm or
less, it is classified as a micropore.®3 When pores are connected, they create a
network. If the network is in a coordinated fashion, it is sometimes termed a
hierarchical porous structure. The porosity of an activated carbon often defines
its properties and applications.®*

During lignin-derived activated carbon synthesis, oxygen functional groups like
hydroxy, carboxyls, aldehydes, phenolics, and methoxyl can be developed along
with aliphatic and aromatic carbons.’”® The abundant surface area, pore volume,
and functional groups can be beneficial in applications such as CO, COz2, and
heavy metal adsorption for air and water purifications.’”® Besides from air and
water purification applications, because of the high thermal and chemical
stability, activated carbon has a plethora of other uses. These usages include soil
treatment, separations, catalysis, energy storage, pharmaceuticals, and food.®®



Due to the high carbon content and functionalized phenolic structure of lignin, it
can be considered as one of the ideal precursors for activated carbon.%8 The
second chapter of this dissertation exemplified how functional groups on lignin
can be utilized for designing activated carbon.

Carbon Application--Polymer Reinforcement

As mentioned in the carbon black section, the main application of carbon black is
serving as a polymer reinforcement for polymer composite application. It is also
used at low concertation as a pigment. Depending on the size, shape, porosity,
and the degree of aggregation, carbon black can affect the mechanical
properties, processability, tinting ability, and electric conductivities of the polymer
composites produced.’®

A high performing carbon reinforcement requires a 1) good interaction with matrix
and 2) strong mechanical properties. Reinforcement-matrix interactions can
come in the form of chemical and physical interactions.® For physical
interactions, reinforcement’s surface roughness and porosity are important
factors. For chemical interactions, surface functional groups are the key. As a
polymer reinforcement, carbon black with small sizes are preferable, ideally
below 100nm. The smaller carbon black particles provide a larger surface for
polymer matrices to interact. Interactions between carbon reinforcement and
polymer can be complex, including Van der Waals forces, covalent bonds, and
mechanical interlocking.®” In case of carbon black reinforced rubber, bound
rubber is the term for rubber matrix that is located adjacent to the surface of
carbon black particles, which is tightly interacted with the carbon reinforcement,
serving as the interface between the matrix and the reinforcement phase. It is
widely assumed that bound rubber is the strongest part and the amount of it
reflects the strength of the composite. With NMR, it was estimated that the bound
rubber layer could be 0.5-5 nm in thickness.®®

Traditionally, carbon black is manufactured from the incomplete combustion of
fossil fuels such as tar and coal tar.8° Lignin, a renewable material, can be a
good alternative feedstock. If lignin-derived reinforcing carbon can be made at a
low cost with great mechanical properties, they can find immediate use.®°

Recently, the world has seen a shortage in the carbon black supply and is
projected to worsen. When tire demand is assumed to grow according to GDP, it
is predicted that by 2025, the North American carbon black shortage will reach
365 million pounds, mainly limited by domestic production capacity and raw
materials in the US. Currently, carbon black demand is already 84% of the
production capacity. While domestic production is limited, import is another
option to meet the growing demand. However, imports will be highly depending
on oil price, which is volatile and remains relatively low. The carbon black
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shortage in the American market is imminent; however, Asia’s carbon black
market is even more alarming mainly due to policy changes.®®

Recently, the Chinese government has drastically tightened the financial market,
environmental regulation, and inspection. Many carbon black manufacturers are
forced to shut down. With the growing automotive demand, carbon black price
soars. Carbon black manufacturers that managed to stay in business saw
massive growth in net profit ranging from two to five folds from 2017-2018.
Because China is one of the major exporters of carbon black, it created a domino
effect across the region like India.®!

The acute carbon black shortage in India has caused the carbon black price to
surge 60% within six months prior to February of 2018. Even with the sudden
growth in domestic tire production need due to the recent ban on Chinese tire
import, local tire companies are forced to cut production. The Indian carbon black
shortage is also harming the belt, hose, and rubber economy, which all rely on
carbon black,®? making a case for alternative carbon black feedstock research.

Carbon Application--Electrical Double-Layer Capacitor, Supercapacitor,
Electrodes

Electrical double-layer capacitors (EDLC), or supercapacitors, are energy
storage devices with power performances that fit in between dielectric capacitors
and batteries from the Ragone plot, which exemplifies the energy and power
relationships for different energy storage devices.®® EDLC store energy based on
two different principles: 1) Electrical double-layer capacitance from the pure
electrostatic charge accumulation on the electrode interface, and 2) the pseudo-
capacitance based on fast and reversible redox processes.®* Unlike traditional
batteries, the electrostatic separation between ions in electrolyte and electrons in
electrodes in EDLC allows for higher charge-discharge rates and stabilities.%5-%7
Using porous carbonaceous materials to serve as electrodes has gathered
significant interest,%-9° especially when derived from renewable materials.00-102

An EDLC consists of two porous electrodes, which usually are made of carbon.
(Figure 0.1) The two electrodes are attached to two current collectors, which are
separated by a separator soaked in an electrolyte solution. When a voltage
source is connected with the current collectors, a potential is applied, charging
the two electrodes. When charged, the anions in the electrolyte would be
attracted, migrated, and eventually adsorbed onto the positive electrode surface.
Cations, on the other hand, would be attracted, migrated, and eventually
adsorbed onto the negative electrode surface. When the electrode surfaces are
saturated, they are now in the charged state. Discharging of an EDLC takes
place when a charged device is connected to a load. During discharging, the
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Figure 0.1: A schematic of an electrical double-layer capacitor device.

electrolyte ions would desorb from the electrode surface into the bulk electrolyte
solution. The desorption also allows the flow of electrons from the anode into the
cathode, generating current. When utilizing electrodes made from lignin, cost and
sustainability can be of added advantages.

As mentioned, EDLC rely on the physical separation of charges for energy
storage.'% Because physical charge separation is the key, high-performing
EDLC correlate directly with the carbon electrodes’ porosity and accessible
surfaces by electrode ions.%* The accessible pores are the active sites which
allow electrode charges to interact with electrolyte ions, thus storing energy. As a
result, capacitances generally follow the same trend as surface area and pore
volume based on the governing formula for capacitors, C= €:A/d, where C is the
capacitance of the EDLC, ¢ is the product of electrolyte dielectric constant and
permittivity of free space, A is the surface area between the electrode and
electrolyte, and d is the separation distances between ions in the electrolyte and
the electrons in the electrodes.*

The cutting edge electrodes fabricated using graphene or graphene-like
materials can have capacitances as high as ca. 300 F/g.1%5-106 However, those
exotic carbon materials can cost three times more than the current commercial
EDLC carbon electrodes made from coconut shell.X°” In EDLC, where half of
their material cost comes from the carbon electrodes,%” cost barrier can easily
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prevent market penetration, making a strong case for developing low-cost
biomass-derived carbon electrodes.

Synthesizing Carbon with a Controllable Morphology--Activated Carbon
As mentioned in the previous sections, activated carbon with high porosity can
be desirable for many applications including serving as supercapacitor
electrodes. Because of the availability of abundant functional groups and high
carbon content on lignin, the pyrolysis of lignin alone can produce porous
carbon.”® However, the porosity created can be irregular.®® To gain better control
in developing a desirable porosity and higher surface area activated carbon. The
addition of activating agents or templates will be required.

1) Physical activation
In physical activation, carbon precursors or carbonized material are
typically infused in an oxidizing gas such as CO:z or steam at ca. 600—
1200 °C.1%8 Depending on the gas species used, abundant microporosity
can usually be developed.’® During activation, oxidizing gas oxidizes away
the more reactive carbon, creating porosity. Although it is desirable for the
burn off to take place in the internal structure of carbon, it can be difficult
to control and lead to unwanted burn off at the external surface of
carbon.'® Compared to chemical activation, physical activation can be
more convenient and does not require the washing of residual chemical
activating agent upon activation.°

2) Chemical activation
Chemical activation can be similar to physical activation in the sense that
instead of using oxidizing gasses as the activating agent, it involves
H3PO4, KOH, NaOH, or others activating at 450-900 °C in an inert
environment.”® During activation, metal species intercalate within the
carbon, stretching its lattice.*** Upon activation, metal species have to be
washed off, creating pores. When comparing to physical activation,
chemical activation can result in better pore development. However, the
washing step could lead to environmental concerns.!10

3) Hard templating and soft templating
Much like the templating for spherical carbon mentioned below, both hard
and soft templating can be used for generating porosity on carbonaceous
materials. When combined with an activating agent above, templating can
induce well-controlled porosity on the resulting activated carbon’s surface.
Hard templating can be classified into two approaches. The first can be
embedding a template into the carbon precursor. Upon carbonization and
the removal of the template, pores can be generated from the space
previously occupied by the template.*? In the other approach, a
networked structure can be created by impregnating carbon precursor into
the pores of a template. Upon carbonization and the removal of the
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template, carbonaceous materials with an interconnected porous structure
can be produced.'3 For soft templating, an emulsion with surfactants can
be used with the carbon precursor dissolved in one phase. Upon
carbonization and the volatilization of the surfactant and solvent, porosity
would be generated by the space previously occupied by the second
phase.!4

Synthesizing Carbon with a Controllable Morphology—Spherical Carbon
Particles

In the case of carbon black and activated carbon, there have been growing
interests in creating carbon products with a spherical shape.'1? 115119 Spherical
carbon particles can potentially be beneficial for increasing its packing density
and processability.?° Spherical carbon has shown promises as a suitable
scaffold, template, or capsule for metal species and catalyst.'?! It can also be
advantageous in catalysis, adsorption, and energy storage applications.1? 115118,
122-123 Having a simple method to finely control the shape and morphology of
carbonaceous materials is still a challenge. Current state-of-the-art methods are
1) hard templating, 2) soft templating and, 3) solvothermal treatment.*?4

1) Hard templating
Hard templating usually involves carbonization of a carbon precursor with
a sacrificial scaffold. The carbon precursor could be coated on top of the
scaffold, or the scaffold could be patrticles filled within a carbon precursor.
Upon carbonization, the scaffold can be burned off during the process, or
be removed by solvent extraction, leaving behind a carbonaceous material
with a reverse morphology of the scaffold. Silica is a common hard
template of choice.'?* For a typical carbon sphere particles production
from glucose, it has been shown that a functionalized spherical porous
silica particles can be an effective template. Glucose solution was first
deposited onto the silica particles through electrostatic attraction. Upon
carbonization, glucose-derived carbon can be produced with a silica core.
After silica sacrificial template removal, hollow carbon sphere particles
remained.'?®> Two significant drawbacks of this method are that it is time-
consuming and expensive.'?* Obtaining an effective template with a strong
interaction with the particular carbon precursor is critical. The process can
be tedious. In addition, a hard-templating method usually requires the
removal of the sacrificial template upon carbonization. The template
removal step can involve additional heating and or undesirable chemicals
like strong bases and hydrofluoric acid.'?®

2) Soft templating
Soft templating can be methods that utilize soft templates like Pluronic
block copolymers, surfactants, and their derived vesicles, micelles, and
bilayers as scaffolds. With the appropriate scaffolds, carbon precursors
can self-assemble into different morphologies. Soft templating is often
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3)

combined with solvothermal treatments as mentioned below. Upon self-
assembly, carbon precursors with the desirable morphology can be
subjected to high-temperature carbonization step to be converted into
carbonaceous materials. During the carbonization step, soft-templates
often burn off as volatiles, allowing the carbonization step to also serve as
the soft template removal step.1®

Solvothermal treatment

Solvothermal treatments involve heating carbon precursors in a solvent at
a temperature above its boiling point. In a sealed reactor, a self-generated
pressure will be maintained in the closed system.?¢ This is a versatile and
potentially scalable method to process biomass.'?” A few solvothermal
treatments of lignin involve organic solvents, e.g. DMSO in chapter Il of
this dissertation; however, most use water. When water is used as the
solvent, solvothermal treatment can be termed hydrothermal treatment.
When used at a temperature above ca. 350°C with a vapor pressure of ca.
20 MPa, biomass gasification dominates. Biomass liquefaction typically
takes place between 250-300°C for the production of bio-oil. The
production of biomass-derived carbon, the focus of this research, typically
takes place around 150-250°C.%¢ For this low-temperature hydrothermal
treatment of biomass, it can also be termed hydrothermal stabilization or
hydrothermal carbonization. In this dissertation, these words will be used
interchangeably.

Many biomass sources contain a high amount of moisture. The moisture
can originate from lignin extraction using solvents or, in the case of
chapter IV in this dissertation, water from dialysis nanoprecipitation of
lignin. Because solvothermal treatment of biomass requires solvents, one
of the major benefits of hydrothermal treatment of biomass is that it does
not require the drying of biomass prior to processing.*?” The versatility of
this treatment also allows the use of different reaction medium, e.g. an
emulsion medium in chapter I, soft templating, and hard templating as
mentioned earlier.1?” Using solvothermal treatment, it has been shown that
glucose can undergo dehydration, condensation, and polymerization into
hydrochar that self-assemble into hydrochar spheres.'?8

Although making lignin-derived spherical carbon particles is of great interest, few
successful cases have been reported. One reported case involved utilizing a
reverse micelle soft template in a water, chloroform, and sodium
dodecylbenzenesulfonate surfactant emulsion. With this emulsion, the authors
were able to self-assemble depolymerized lignin and high molecular weight
functionalized cellulose, hydroxyethylcellulose, into spherical composites. After
the composite precipitation by the addition of acetone and solvent removal, the
depolymerized lignin and functionalized cellulose composites can be carbonized.
Spherical porous carbon can then be made.*?° Most recently, another case
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involved a pair of a good and bad solvent of lignin. The authors first dissolved
lignin in a good solvent, a base, then slowly added in an antisolvent, an acid, with
stirring and heating. During lignin precipitation in the antisolvent, lignin self-
assembled into spherical particles. After drying, the spherical lignin particles can
be transferred into a hydrothermal reactor for solvothermal treatment for low-
temperature carbonization.30

Challenges with Lignin Utilization

One of the main technological challenges with lignin-derived chemicals or fuels is
manufacturing an intermediate or a product with high purity.> As mentioned in the
“Chemistry of Lignin” section, lignin is a diverse, often impure, structurally
complex,® and multifunctional polymer.? With a wide range of bond strengths in
lignin linkages, designing a reaction pathway for the conversion of such a
molecule is a challenge. Often time, the depolymerization of lignin also requires
catalysts.®> However, the diversity, multifunctionality, and complexity of lignin,
again, creates unique challenges to find a single effective catalyst for the
purpose. Furthermore, some lignin reactivity and conversion intermediates also
poison catalysts.'3! Lignin also tends to condensate at high temperatures, turning
into unreactive solid residue, lowering product yields, and adding impurities into
the reaction products.®

Secondly, lignin is a molecule isolated from biomass. For example, during
biomass pulping, cellulose is of higher priority than lignin.®> As a result, pulping
processes are optimized for the extraction of the other biopolymer instead of
lignin. This partly resulted in an impure lignin product containing chemicals from
upstream processing.® For future research, finding a better extraction pathway for
lignin without the scarifies of other biopolymers are essential.

The poor melt-processability of lignin also makes its use as a polymer filler
challenging. Often, it is desirable to melt-mix polymer with the lignin fillers.'32
However, the low degradation temperature and high thermal transition
temperature complicates its mixing. In addition, lignin tends to self-aggregate in a
polymer blend, and it can be challenging to produce a homogeneous blend.®° Via
hydrogen bonding, Van der Waal's interaction, and pi-pi stacking of aromatic
groups, lignin tends to phase-separate in polymer blends.>¢ Last but not least,
lignin is known to be a brittle material.>* When a high amount of lignin filler is
used, the resulting mechanical properties of the polymer blend become poor.133

For carbonized lignin, the highly branched and globular nature of lignin made the

formation of graphitic structures in structural carbon products difficult.> In most
cases, only amorphous, disordered, glassy carbons are produced.** In addition,
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lignin’s high thermal transition temperature and low degradation temperature
makes it a poorly processable material. As a result, the production of lignin-
derived carbonaceous materials can be a very slow process.’? Specifically, prior
to carbonization, precursor often requires a stabilization step, creating additional
crosslinks to give higher carbon yields with a desirable shape.® Lignin
crosslinking kinetics can be slow, requiring a prolonged ramping temperature to
ensure the reaction temperature staying below lignin’s glass transition
temperature to prevent its fusion at fiber stage prior to carbonization.”?

Tremendous work is currently underway to produce more uniform lignin
molecules with less structural complexity, less diversity, and better properties for
materials development using advance tools available in processing, biology, and
chemistry.> Hemicellulose or its derived simple sugars, however, are better-
defined molecules with simpler structures. These sugar molecules can be a good
first step into studying new mechanisms in synthesizing carbon with a
controllable morphology.

Introduction of Biorefinery Liquid Effluence

As discussed in the “Chemistry of Lignin” section, lignin is a complex molecule
and can be a challenging molecule for studying its carbonization mechanism and
designing carbonaceous products from it. However, saccharides from biomass
can be relatively simpler and better understood molecules. Therefore, | aimed to
first study and understand the mechanism behind the carbonization of these
biomass-derived saccharides prior to designing lignin-derived carbonaceous
materials, which is the final goal of this dissertation.

Traditional biofuel production mainly relies on starch-based feedstocks such as
corn grains and sugarcane, collectively known as first-generation biofuel.*3°
However, because of the debate on food vs. fuel use of corn, the long term goal
was to switch to second-generation biofuel produced from cellulose because of
its potentially low cost, abundance, and reliable supply.t3® Cellulose, along with
lignin and hemicellulose, is the main components in biomass. 13> However, in its
native form, biomass is structurally complex and recalcitrant to chemical and
enzymatic activities necessary for cellulose to be treated in biorefinery
processes.® As a result, for the utilization of biomass in biorefineries, it often
requires pretreatments prior to its processing to liberate the cellulose fibers.3¢

One of the most common pretreatment methods can be a steam explosion
because of its limited use of solvents, chemicals, and energy, thus lowering the
cost requirement. Steam explosion of biomass begins with treating biomass in
superheated steam at a temperature of 160-240 °C and pressure between 0.7-
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4.8 MPa.'®® During the treatment, steam infiltrates into the biomass, exfoliating
fibers, and partially hydrolyzing mainly the hemicellulose. During its hydrolysis,
hemicellulose and some cellulose partially break down into simple sugars
including glucose and xylose.'3” The partially hydrolyzed carbohydrate remains in
the liquid phase.**> Upon cooling, the biomass is partially deconstructed.
Cellulose becomes more accessible in the solid fraction for downstream
enzymatic processes.'*® Sometimes, additional acid catalysts can also be
employed.t37 139

Before its use, the cellulose-rich solid fraction needs to be washed. The washing
step would wash away mainly the partially hydrolyzed hemicellulose. Inevitable,
the pretreatment condition would also partially hydrolyze less reactive linkages of
lignin and cellulose. Thus, the washing solution is often impure, very dilute, and
is not utilized.! It has been estimated that this would decrease the yield of a
biorefinery by 20-25%.1% While lignin has been the center of attention for years
as a co-product, the most overlooked byproduct is this impure sugar stream in
liquid effluence from biorefinery pretreatment plants.'4% With the projected
increase in the number of advanced lignocellulosic biorefineries because of the
United States Renewable Fuel Standard,3? it is important to capture and utilize all
components of a biomass. For this purpose, this dissertation will start by
exploring a way to increase the efficiencies of biorefineries by utilizing this
byproduct-stream sugar for manufacturing of carbon materials.

Objectives

Overarching Goal

The overall objective of this research is to develop simple methods to control the
morphology of lignin-derived carbon. With an optimized morphology, carbonized
lignin can be beneficial for energy storage and polymer composite applications.
For electrode applications, activated carbon produced should be of high porosity,
which allows high surface area to harbor electrolyte ions in the case of a
supercapacitor.'*! For polymer composite applications, the carbon should be of
good mechanical properties with desirable physical and chemical surface
characteristics for strong adhesion with the polymer matrix.1#? Lignin has shown
preliminary promises as a good precursor of carbon for electrode and polymer
composite applications.

Furthermore, when made into spherical particles, a carbon’s processability and
packing density could potentially be increased.'?° Although there have been
significant interests in making lignin-derived spherical carbon patrticles, currently
available methods involve intricate templates, scaffolds, surfactants, and
others.1?% 143 Lignin’s hydrothermal conversion—one of the common methods to
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manufacture spherical carbon particles—is not as efficient as that occurs with
cellulosic precursors. Hydrothermal treatment is a method that involves heating
carbon precursors suspended in an aqueous medium inside a closed
superheated chamber under pressure.#* It is a versatile procedure that allows
the self-assembly of carbon precursor with or without a template to produce
hydrochar having different shapes.'#! The centralized hypothesis of this research
is that most lignin has inadequate solubility in water due to its functionality and
molecular architecture, limiting its ability to self-assembly in a hydrothermal
reactor like linear polysaccharides. To fulfill the goal of manufacturing spherical
carbon particles from lignin and to rationally design a production method to do
so, | first aimed to understand the mechanism of carbon precursor self-assembly
in hydrothermal conditions. | specifically chose hydrolyzed carbohydrate and
biomass pretreatment effluence containing hydrolyzed sugars and lignin as the
precursor to yield spherical carbon particles. Then, | focused on understanding
the mechanisms of lignin crosslinking to devise improved pathways to produce
lignin-derived carbon. Non-spherical carbon monoliths from lignin and its highly
porous activated residues were used in making supercapacitor electrodes.
Lessons learned from these exercises were subsequently adopted to find a
simpler path in manufacturing spherical carbon nanopatrticles for polymer
composite application. A simple method to produce carbonized lignin would
provide a way for lignin utilization and a value-added product stream for the
budding biorefinery and paper and pulp industry.

The specific objectives investigated in this dissertation work include: (1)
Hydrothermal synthesis of solid and hollow spherical carbon particles from
carbohydrate hydrolysate and performance analysis of porous activated carbon
as supercapacitor electrode (Chapter 1); (2) Understanding non-spherical
porous carbon synthesis from lignin via stabilization of rubber-modified monolithic
lignin precursor (Chapter Il); (3) Synthesis of lignin-derived carbon particles from
solvated lignin under solvothermal conditions (Chapter Ill); and (4) Stabilization
and carbonization of spherical lignin as carbon precursor via dry powder
processing and hydrothermal conversion (Chapter V). Salient features from
each of these specific investigations discussed in detail throughout different
Chapters of this dissertations are summarized below.

Specific Objective 1 (Chapter 1)

Hydrothermal treatment of simple sugars usually causes hydrolysis, self-
assembly, and crosslinking of the thermally polymerized residues into spherical
hydrochar.® 7 1124 This chapter investigated the evolution of hydrochar
morphology derived from sugar through the following steps:

1) Controlled hydrochar morphology using different compositions of

hydrothermal mediums.
2) Monitored evolution of hydrochar spheres.
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3) Demonstrated the versatility of the spherical carbon production method by
converting an impure biomass pretreatment liquid effluence into spherical
carbon particles with a controllable morphology for supercapacitor
electrode application.

Spherical hydrochar has been produced from sugar via dehydration,
condensation, and polymerization reactions. As the sugar dehydrated, its
hydrophobicity increased. As the sugar-derivative polymerized, its molecular
weight increased, and the polymerized sugar chains agglomerated due to
hydrophobicity. Those agglomerates eventually nucleated and precipitated out of
solution as spheres. Hydrothermal reaction products at different reaction intervals
were studied to analyze the structures of the carbon and its performance as
supercapacitor electrodes. The hollow carbon sphere particles produced from
hydrothermal condition with an emulsion medium were expected to exhibit
superior performance as a supercapacitor electrode than the solid carbon sphere
particles due to higher porosity. Subsequently, an impure liquid effluence stream
from pretreated biomass was successfully turned into hollow spherical carbon for
supercapacitor electrode application.

Specific Objective 2 (Chapter 1)

Melt-mixing of lignin with acrylonitrile butadiene rubber (NBR) lead to dispersed
lignin domains in rubber matrix.®° Under reduced NBR content, the phase
morphology reversed to disperse rubber domains in lignin matrix. When heated
under mild temperatures, lignin could crosslink with NBR or with itself.*3? The
ability of NBR to be blended and crosslinked with lignin can deliver a mechanism
to control the morphology of the lignin derivative. Following steps were used to
synthesize lignin-based porous carbon for supercapacitor electrode:

1) Melt-mixed NBR into lignin to control lignin’s morphology.

2) Utilized NBR as a sacrificial template to induce porosity on lignin-derived
carbon and its activated derivative.

3) Explored lignin functional groups for their controlled-crosslinking under a
low-temperature stabilization/oxidation condition in air.

4) Produced activated carbon with tailored morphology through mixing of
NBR with lignin, lignin crosslinking with NBR, and crosslinking of lignin
with other lignin molecules for an improved supercapacitor electrode
performance.

The addition of a small amount of NBR (10%) into lignin lead to a rubber
dispersed lignin morphology that can be retained via thermal stabilization.
Subsequent carbonization eliminated rubber template and formed porous carbon.
As a carbon’s morphology directly relates to its polymer precursor’s degree of
crosslinking,#> carbon and activated carbon with different morphologies were
prepared to tune supercapacitor electrodes’ performance.
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Specific Objective 3 (Chapter 1lI)

Chapter | taught me that a hydrothermal treatment of simple sugar in an aqueous
medium under mildly heated condition causes its dehydration, condensation,
polymerization, self-assembly, agglomeration, and precipitation into spherical
hydrochar particles. Chapter Il found that under a mildly heated condition in an
oxidizing environment, lignin can undergo crosslinking and stabilization. In this
chapter, | explored if one can combine the lessons to create lignin-derived
carbon sphere particles by relying on its ability to form a crosslinked solvated
network in a solvothermal condition. | undertook the following steps in this
specific work:

1) Produced uniform lignin-derived carbon sphere particles using a simple
solvothermal treatment of lignin in a solvent—DMSO.

2) Monitored evolution of spherical stabilized lignin under solvothermal
conditions.

3) Investigated the mechanism behind lignin degradation, crosslinking, and
self-assembly under solvated environments using spectroscopic tools.

Superheating solution of lignin in DMSO under a dilute condition produced
spherical carbonaceous aggregates of lignin-derivatives. Sufficient reaction
temperature and reaction time successfully stabilized and crosslinked lignin to
yield spherical shapes of lignin residues in the solvothermal medium. The
precursors delivered lignin-derived carbon sphere particles of 0.8-3.6 um
diameter.

Specific Objective 4 (Chapter IV)

In this chapter, | continued the quest for a simple method to produce spherical
carbon particles with a controllable morphology from lignin. Superheating a
flammable organic solvent, like DMSO, as studied in Chapter Ill, may not be
desirable. An alternative solution could be nano-scale precipitation of precursor
prior to thermal or oxidative stabilization. In polymer research, nanoprecipitation
is an established method to produce nanospheres from a polymer.146-147 While
lignin-derived activated carbon is a well-researched area,®® € lignin-derived
carbon nanosphere particles for polymer composite application have seen little
success. Stabilization is the key to produce carbon for polymer composite
applications. In lignin-derived carbon fiber research, stabilization of lignin fiber in
air is a preferred method.”?> However, with the promises solvothermal treatment
had shown in Chapter | and Ill, hydrothermal stabilization of lignin nanospheres
for the production of nanosphere carbon particles for composite application could
be feasible. With that goal, | investigated with the following steps:

1) Utilized dialysis nanoprecipitation to produce uniform lignin-derived
nanospheres.

2) ldentified stabilization conditions that could preserve the shape of nano-
spherical lignin during conversion into carbon.
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3) Investigated the effectiveness of hydrothermal treatment for the
stabilization of lignin-derived carbon nanosphere particles in terms of their
porosity, defect, surface chemical functionality, and adhesion strength with
a styrene-butadiene rubber matrix.

The degradation of lignin side chains during hydrothermal stabilization lowered

the volatiles generated during carbonization, decreased the final carbon’s
porosity and defects, and enhanced its adhesion strength with the rubber matrix.
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Abstract

Biorefineries produce impure sugar byproduct streams that are being
underutilized. By converting this byproduct to a profitable value-added-product,
biorefineries could be safeguarded against low oil prices. We demonstrate
controlled production of useful carbon materials from the byproduct concentrate
via hydrothermal synthesis and carbonization. We devise a pathway to producing
tunable, porous spherical carbon materials by modeling the gross structure
formation and developing an understanding of the pore formation mechanism
utilizing simple reaction principles. Compared to a simple hydrothermal synthesis
from sugar concentrate, emulsion-based synthesis results in hollow spheres with
abundant microporosity. In contrast, conventional hydrothermal synthesis
produces solid beads with micro and mesoporosity. All the carbonaceous
materials show promise in energy storage application. Using the reaction
pathway, perfect hollow activated carbon spheres can be produced from
byproduct sugar in liquid effluence of biomass steam pretreatment units. The
renewable carbon product demonstrated a desirable surface area of 872 m?/g
and capacitance of up to 109 F/g when made into an electric double layer
supercapacitor. The capacitor exhibited nearly ideal capacitive behavior with
90.5% capacitance retention after 5000 cycles.

Introduction

In the pursuit of a sustainable economy, both renewable energy and renewable
chemical practices must be adopted. While the former can be produced from
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many sources, one feasible option for the combination of renewable energy and
chemicals so far emanates from biorefineries.! However, with the current low oil
price, biorefineries need improved profitability to compete with fossil fuels. This
would require manufacturing of diversified products and effective utilization of
byproducts for materials applications.'> While lignin has been the center of
attention for years as a co-product, the most overlooked byproduct is the impure
sugar stream in liquid effluence from biorefinery pretreatment plants.3

There exists a state-of-the-art technology that utilizes biomass, pretreated by
acids or alkali, to break down amorphous carbohydrates to sugars for better
cellulose accessibility.# Sugar content in the biomass pretreatment liquid
effluence can contain maximum of 50% of the initial hydrolysable carbohydrate
from the biomass.>” Therefore, the efficiency of biorefineries can be improved
significantly if this byproduct-stream sugar can be captured in a simple, cost-
effective way without a need for extensive purification and apply it to materials
design. However, a challenge, for biorefinery co-product generation from the
byproduct-stream, is the low concentration of soluble carbohydrates.*
Concentrating this liquid effluence using waste heat, which is widely available in
biorefineries, is achievable and already a common practice in Kraft pulping
mills.t 8 Utilization of this untapped biomass sugar could be prioritized and one of
the potential applications can be its conversion to carbon particles with tunable
morphologies as a medium for renewable energy storage, such as electric
double layer (EDL) supercapacitors.

Over the last decade, there has been growing interest in tailoring carbon sphere
structures for different applications in renewable energy sectors. For EDL
supercapacitor electrode applications, spherical carbon with a tunable porosity
and controllable particle size distribution is of great interest.?-'3 The variety of
structures can provide excellent performance for catalysis, adsorption, and
energy storage.®'2 1415 Carbon spheres can be made from several methods.%'0
16-21 One of the most inexpensive methods to date is hydrothermal carbonization
(HTC). HTC is a relatively green technology and scalable to industrial production
levels.® The HTC method is applicable to precursors with high moisture content
much like the carbohydrates in pretreatment liquid effluence.?? To better control
the porosity, size, and shape of the carbon spheres, different strategies including
templating and self-assembly were employed together with HTC.'® Hard
templating, which often uses silica as the template, can be one of the most
straightforward ways to synthesize carbon spheres with a controllable
morphology.'* 23 However, for silica hard templating, the most critical step is to
obtain a template having strong interaction with the carbon precursor. The
process is very tedious, and the removal of the template requires corrosive
chemicals like sodium hydroxide or even hydrofluoric acid'3, undesirable for
green chemistry application. On the contrary, soft template synthesis does not
require significant preparation or removal of the template.?0-?!
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| propose the synthesis of carbonaceous matter in a controllable manner using
soft templating, followed by HTC and subsequent high temperature carbonization
of solid HTC-derivatives. Emulsion (made from oil, water, and surfactant) and
water-based HTC were carried out at different time-scales to study the evolution
of spherical carbon products. The two synthesis routes were then correlated with
the resulting carbon morphology, porosity, and surface characteristics.
Furthermore, the carbon products derived from renewable sugar were
investigated as EDL electrodes for supercapacitor application. Supercapacitors
store energy based on two different principles: EDL capacitance from the pure
electrostatic charge accumulation at the electrode interface, and (2) the pseudo-
capacitance based on fast and reversible redox processes at characteristic
potentials.’” Out of these two mechanisms, we synthesized and characterized
EDL supercapacitors and hence we will discuss the EDL supercapacitors only in
this article. Surface activation of carbon products was conducted using KOH. we
performed large-scale molecular dynamics (MD) simulations to understand the
evolution and characteristics of the pore structures in an emulsion-based system.
While previous studies have shown the possibility of producing carbon spheres
from carbohydrates and even acid or alkaline pretreated biomass-derived
hydrolyzed hemicellulose using HTC, detailed understanding on the structural
evolution with respect to the hydrothermal reaction media is not fully
understood.® - - 24 |n this study, we used sugarcane-derived table sugar as a
model molecule to establish the physics and the carbon formation mechanism.
we then corroborated the findings using the result from laboratory-made steam-
pretreated liquid effluence from woodchips. After establishing that perfectly
hollow carbon spheres can be made from pretreatment liquid effluence, we
explored the potential application of the model material as supercapacitor
electrodes. This study exhibits a pathway to design sustainable energy storage
materials from the byproduct stream of a future biorefinery.

Results and Discussion

Structure of the Carbonaceous Materials

The HTC of a carbohydrate precursor involves a four-step process — dehydration,
condensation, polymerization, and aromatization as shown schematically in
Figure 1.1(a).?® 2° The process is as follows: sugar molecules dehydrate, forming
mainly a furfural-derivative?® that decomposes into organic acid, and/or other
species.?” As the reaction continues, furfural and the excess dehydrated sugar
condensate and polymerize. The growing “heads” in the polymer chain consist of
reactive hydrophilic hydroxyl groups while the center of the chain becomes
relatively dehydrated and hydrophobic. The center of the polymer chain then
aromatizes with other chain centers to form a larger hydrophobic core. The
aggregated chains, therefore, form spherical, micelle-like structures with a
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Figure 1.1. Carbon spheres from the simple HTC synthesis (N carbon samples
that are made without use of any surfactant). (a) A schematic representation of
the evolution of carbon spheres during simple HTC. SEM images of N
samples with (b) 20, (c) 45, and (d) 165 minutes HTC durations showing
carbon morphology evolving from amorphous irregular-shaped carbon to
spherical particulate carbon with increasing HTC time. (e) TEM image of a
single N carbon sphere with 45 minutes HTC duration (N45). (f) Thickness
profile of the single N45 sphere showing a solid spherical structure formation.
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hydrophobic core and hydrophilic corona.?® This evolution mechanism of the
spherical carbonaceous aggregates was perfectly captured by scanning electron
microscopy (SEM) [Figure 1.1(b-d)] with the water-based HTC synthesis
(abbreviated as N system representing ‘No’ surfactants). In Figure 1.1,
hydrothermal carbonization for 45 minutes (N45) and for 165 minutes (N165)
give rise to micelle like structure and consequently spherical carbon structures
[Figure 1.1(c-d)]. However, the 20 minutes sample (N20) with insufficient
polymerization time exhibits out-of-equilibrium amorphous irregular-shaped
structures with no carbon spheres [Figure 1.1(b)]. Interestingly, this shows that
the micellar morphologies evolve from an irregular-shaped amorphous
carbonaceous material to a perfectly shaped spherical particulate carbon as HTC
time is increased. As the dehydrated sugar polymers aromatize during HTC,
polymer cores continuously give off volatiles, lose functional groups, and
carbonize further. Thus, when HTC duration increased, HTC samples became
more carbonized and thermally stable, as seen in the thermogravimetric analysis
(TGA) [Figure S1.1] of the HTC products. TGA results also show that carbon
yield during high temperature carbonization increases as the HTC duration
increases. Therefore, longer HTC time produces compact carbon spheres. For
example, N45 samples show sphere diameter of 6.3+1.5um [Figure 1.1(c)] while
N165 samples have spheres of diameter 3.3+1.6um [Figure 1.1(d)]. The N45
carbon, under transmission electron microscope (TEM), exhibits a perfectly
spherical solid structure as shown in Figure 1.1(e). The perfectly spherical
structure has been corroborated by the cross-sectional thickness profile shown in
Figure 1.1(f).

Ferric chloride, primarily used as a catalyst during HTC synthesis, plays a critical
role in carbonization and aromatization.?%-3°:31 When hydrolyzed, ferric chloride
forms ferric hydroxide or oxide and hydrochloric acid (HCI) in water.3! As such
the resulting acid catalyzes dehydration of the sugar; reducing sugar
intermediates in this system could partially reduce ferric ions to ferrous ions and
then be subsequently oxidized into various iron oxide species. Therefore, it is
possible that some spheres may have traces of iron oxide at the micelle core.?®
31 However, most iron was likely removed during final acid wash of the resulting
carbon except any iron oxide protected within carbon shells. Inductively coupled
plasma optical emission spectrometry (ICP-OES) confirms that all samples
obtained after carbonization and acid washing contain <1.2% of iron with the
lowest being 0.28% of Y20 [Table S1.1]. The low iron contents together with the
minimal traces of iron redox peak in the cyclic voltammetry experiments of the
supercapacitor electrodes prepared from these carbonaceous materials indicate
that the energy storage device is primarily an EDL capacitor, and hence pseudo-
capacitance plays minimal role in the results.

While carbon sphere formation in HTC is an established mechanism, the detailed
procedure for emulsion medium HTC is far from understood. We denoted
emulsion synthesized carbon samples as Y samples, indicating presence of

39



surfactant and oil in the reaction medium. The mechanism is schematically
shown in Figure 1.2(a). In the emulsion formed by sodium dodecyl sulfate (SDS)
surfactant (1 g/100 ml), water and paraffin oil (4:1 v/v), surfactant molecules form
surfactant micelles. First, sugar naturally dissolves in the water phase. As HTC
progresses, the sugar molecules in water behave much like the N samples and
consequently dehydrate, condensate, polymerize, and aromatize. The
hydrophobicity of the dehydrated and polymerized condensed sugar molecules
gradually increases. The hydrophobic polymerized sugar molecules are
entropically attracted towards the hydrophobic core of the surfactant micelles in
the emulsion. Note that the hydrophobic tail (dodecyl) and the hydrophilic head
(sulfate) of the SDS are denoted by the yellow and red color, respectively [Figure
1.2(a)]. As HTC continues, a layer-by-layer self-assembly of the sugar molecules
in the surfactant micelle gives rise to the hollow carbon structures. The spherical
carbon samples from emulsion-based HTC after 45 and 165 minutes (Y45 and
Y165 carbons, respectively) can be seen in Figure 1.2(b-c). The hollow nature of
Y45 is revealed from the crumbled sphere in Figure 1.2(b) and (d-f). The TEM
image in Figure 1.2(e) reveals a sphere having a bright core and dark edges
indicating a hollow structure. In contrast to Figure 1.1(f) where the cross-section
thickness profile of N45 shows that the center of N45 sphere is the thickest part,
Figure 1.2(f) shows the Y45 bead having a hollow structure with the shell
thickness of ca. 0.2 um. Unfortunately, these broken spherical particles were not
observed in the Y165 sample due to the longer HTC reaction. For long enough
HTC reaction duration, the carbon shells can grow thicker and thus prevent the
spheres from breaking. This mechanism also explains the smaller sizes of Y45
samples (2.5+0.5um) as compared to 3.9+1.2um for Y165 samples, as the longer
HTC duration in Y165 allows sugar molecules to be part of a single micelle in a
closely packed form. KOH activation of Y45 and Y165 [denoted as aY45 and
aY165 respectively, Figure 1.2(g-h)] retained their morphologies with a slight
increase in size to 4.0+1.7um and 4.14+1.62um respectively compared to their
precursors [Figure 1.2(b-c)]. The slight increase in sphere sizes after activation is
due to the addition of oxygen containing functional groups on carbon during
activation, thereby expanding the carbon structure. Like N20, emulsion-based
HTC was prematurely stopped after 20 minutes (Y20 sample) before the sugar
molecules had a chance to form these hollow spherical structures, giving rise to
out-of-equilibrium structures without carbon spheres [Figure 1.2(i-j)]. The
emulsion-based carbon bead formation will be elaborated further using Molecular
Dynamics simulation in a later section.

So far, we discussed the pathway to produce solid and hollow carbon spheres
from simple sugar molecules using water and emulsion-based HTC techniques.
Subsequently, we will discuss the understanding of the self-assembly these
sugar-derived Y and N samples and energy storage properties. Prior to that, we
wanted to apply the same technique to synthesize carbon from biomass
pretreatment liquid effluence as the long-term goal is to utilize carbon precursors
from industrial effluence to produce sustainable energy storage materials. Liquid
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(a) A schematic representation of the evolution of carbon spheres during
emulsion-based HTC. SEM images of Y samples with (b) 45, (c) 165, and (d)
45 minutes HTC showing perfectly spherical structures with the longer HTC
durations and a revelation of their hollow nature with broken spheres. (e) TEM
image of a single Y sphere with 45 minutes HTC (Y45) showing its
hollowness. (f) Thickness profile of the single Y45 sphere showing its thin
shell, ca. 0.2 ym. SEM images of activated Y sample with (g) 45 minutes and
(h) 165 minutes HTC showing the retention of carbon morphology after
activation. Insert of (g) reveals the retention of hollow nature of spheres. (i) Y
sample with 20 minutes HTC showing the out out-of-equilibrium structures,
and (j) activated Y sample with 20 minutes HTC which retained the out-of-
equilibrium structures after activation.
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effluence from steam pretreated woodchips was prepared and subsequently
carbonized following the same emulsion medium and carbonization parameters
as the Y165 sample. The resulting carbons show perfectly hollow spherical
structure from the SEM and TEM images as shown in Figure 1.3 (a-c). These
results from the biomass pretreatment liquid effluence prove that hollow carbon
spheres can be produced as a value-added-product from biorefinery byproducts,
and these carbonaceous materials followed the same functionalities as that of Y
samples. Carbon spheres produced herein are smaller and with thinner shells. It
is known in literature that hydrothermally produced carbon sphere sizes are
affected by the type of carbon precursors,®? which can explain the smaller sphere
sizes when comparing to the Y samples. For a simpler processing viewpoint,
woodchip pretreatment liquid effluence was fed directly without being further
concentrated into the hydrothermal synthesis reactor after being emulsified. The
sugar extracted in the liquid was estimated to be ~30% of the initial woodchip
mass. As a result, the sugar content in HTC used for the woodchip pretreatment
effluent hydrothermal synthesis was lower than that of the Y samples, leading to
the thinner carbon shell produced.' To the best of our knowledge, this is the first
controllable hollow carbon sphere synthesis of biomass pretreatment liquid
effluent from steam pretreated biomass using emulsion-based HTC. The success
of this method demonstrates that this approach has potential for carbonaceous
materials synthesis from a wide range of biorefinery byproduct materials.

| believe that there is a mixture of hollow and solid spheres obtained during
emulsion-based HTC, as not all Y45 and Y165 spherical carbons are formed with
the assistance of surfactant micelles and therefore not all of them are hollow. To
further examine the coexistence of hollow and solid spherical beads in emulsion
HTC, we performed coarse-grained molecular dynamics (CGMD) simulations.

Figure 1.3. Spherical hollow carbon from steam pretreated woodchip liquid
effluence. (a) SEM image. (b) and (c) TEM images.
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The underlying principle behind the structure formation conjectured in the
previous section can also be verified using computational modeling. The
simulations are carried out using LAMMPS package?? in a canonical ensemble
(see Methods Section for computational details). In an emulsion system, where
surfactant number density is at or over the critical micelle number, the surfactants
start forming the micelle at an early simulation time. Figure 1.4(a) shows
formation of such micelle at as early as 3 million simulation time steps. Figure
1.4(b-d) show evolution of the carbon structures at 4, 5, and a fully equilibrated 8
million simulation time steps. At the beginning of simulations (beginning of HTC
in experiments), between 3-4 million-time steps, it can be assumed that the
charges on the polymer chains (sugar) are not fully stripped off. Therefore, when
polymer (sugar) molecules are near the surfactant micelle, the micelle corona
(red color beads) attracts the charges on the polymer chains. As HTC
progresses, polymer chains get further dehydrated and gradually become
hydrophobic. These hydrophobic backbones are then absorbed by the surfactant
micelle cores due to strong enthalpic forces between many surfactant tails (which
are hydrophobic) and hydrophobic polymer chains. The evolution from Figure
1.4(b) to Figure 1.4(c) shows a gradual change towards totally spherical beads
consisting of surfactant and polymer molecules. The equilibrium structure in
Figure 1.4(d) consists of spherical beads formed by surfactant head and
surfactant tail (red and yellow) along with the polymer chains (gray). Concurrently
in Figure 1.4 (a-d), we also observe progress of a separate bead formation
consisting of only polymer (grey color) molecules. As these polymer chains are
far away from the surfactant micelle, interaction between those polymer
molecules with surfactants is unfavorable. As a result, these polymer chains form
individual beads with other polymer molecules only. The computer simulations
show the presence of both hollow and solid spheres in an emulsion system.

The inset of Figure 1.4(g) shows only the carbonaceous spherical structure after
the surfactant molecules are evolved at high temperature. Two types of spheres
are observed in the emulsion-based technique, solid spheres (shown in red
circle) formed by only sugar aggregated (hydrogen-bonded) beads and hollow
spheres (shown in blue circle) formed by sugar polymers absorbed by surfactant
micelles. Because of the difference in their formation mechanisms, we expect a
difference in their morphology too. The solid spheres, away from the surfactant
micelle, show smooth surfaces. Whereas, the hollow spheres are seen to exist in
the surfactant micelle environment. A closer look at the single bead formed by
sugar absorbed surfactant micelles reveals that the surfactants serve as
templates [as in Figure 1.4(e)], resulting in rough surfaces as shown in Figure
1.4(f) once the surfactants are completely burnt off.

The difference in surface roughness and porosity is reiterated in detail in the
structural investigation in Figure 1.4(g). We show the inter-particle structure

factor defined as, %ZU e ~@Tij petween the polymer molecules only. Here Q is
the wave vector, rjj is the distance between two particles and N is the total
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Figure 1.4. CGMD simulations of surfactant polymer mixtures replicating the
surfactant-sugar emulsion HTC experiment. The top panel shows evolution of
the bead formation inside the central simulation cell at (a) 3 million, (b) 4
million, (c) 5 million and (d) 8 million simulation time steps. The red and yellow
color spheres represent surfactant head and tail segments. The grey color
spheres represent the polymer molecules (sugar derivative in experiment).
The images at (e) and (f) exhibit a single bead formed by surfactant molecules
in the presence of surfactant as shown in blue circle in (d) and when the
surfactants are stripped off from the same, respectively. The intermolecular
structure factor, S(Q) for the bulk and near surfactant polymer molecules are
plotted in (g) in red and blue color for high-Q range. The bulk and near
surfactant polymer molecules are circled in (d) in red and blue colors also. The
low-Q range profiles of S(Q) for the bulk and near surfactant polymers is
shown in green and magenta color, respectively. The inset in (g) shows the
snapshots for a completely stripped off surfactant system.
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number of particles. The near-surfactant S(Q) (blue lines), is calculated from
polymer molecules within 20 while the bulk S(Q) (red lines) is obtained from the
same molecules 20 distance away from the surfactant molecule, where o is the
Lennard-Jones diameter of each monomer. The near-surfactant S(Q) represents
polymer molecules from only those polymer spherical beads that are
agglomerated within surfactant micelles. The bulk S(Q) represents polymer
molecules that are not associated with the surfactant micelles. As our focus is to
understand the molecular level self-assembly in bulk and near-surfactant, we
concentrate on S(Q) at high-Q, i.e., shorter length-scale properties. The polymer
molecules in bulk show wide and weaker peaks (red), representing essentially
agglomerated structures with broad distribution. The bulk molecules are parts of
the sphere formed solely by polymer chains and their wider peaks represent
swollen structures with a relatively smoother surface. For polymers near the
surfactant molecules (blue lines), well-defined structures are observed with peak
at 0.33, 0.44, 0.55, 0.66 0%, and so on. The structures show equally spaced
molecules representing a layering of the polymer molecules within the micelle. It
suggests that when the polymers enter the micelle core, they position themselves
between the surfactant molecules thereby giving rise to the layering structure. As
the surfactants are evolved, the empty spaces left result in molecular level
porous structures. This molecular level investigation corroborates the hypothesis
that carbon morphology can be controlled using different formation mechanisms.
This analysis supports very well the collected electron micrographs and the
proposed mechanism discussed in previous sections.

Gas Adsorption-Desorption and Surface Characteristics

Based on the MD simulation, we expect the rougher surface from emulsion-
based Y samples to generate higher surface area due to 1) the hollow nature of
the carbon spheres and 2) the templating of surfactants. We calculated the
surface area and pore volumes as obtained from gas adsorption-desorption
experiments in Table 1.1. Surface areas of Y45 and Y165 are approximately
double those of N45 and N165. While no bead formation was observed with the
20 minutes HTC samples, the surfactant templating effect alone exfoliates Y20
carbons resulting in notably higher surface area than that in N20 carbons. In
terms of HTC duration, surface area and pore volume both decreases as HTC
duration time increases, for both Y and aY samples (Table 1.1) due to
consolidation of layered structured pores collapsing. The trend was not as
obvious with the N samples, as all three samples have surface area around 300
m? g-'. To further increase the surface area of the carbon samples and eventually
their capacitance performance, we activated Y samples with KOH. KOH acts as
both the activating and templating agent, creating new pores and enlarging
existing pores. As it heats up, KOH melts at 360°C, infiltrating into macropores of
carbon. As an activating agent, KOH etches new micropores and mesopores on
the carbon surfaces. After washing, these emptied pores are exposed, changing
the surface area and pore size distribution considerably.®* The mechanism of
KOH activation can be complex. Generally speaking, it can be represented as
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Table 1.1. Surface area and pore volume measured from nitrogen adsorption
isotherm.

Sample Surface Area | Pore Volume [Percent Percent
ng'l msg'l micropore  [mesopore

aY20 1495 0.627 88.0 12.0
aYy45 1384 0.577 84.1 15.9
aY165 1037 0.418 87.0 13.0
Y20 1058 0.414 91.8 8.2

Y45 743 0.347 90.1 9.9
Y165 605 0.314 81.7 18.3
N20 297 0.391 43.8 56.2
N45 273 0.416 37.7 62.3
N165 337 0.305 59.1 40.9

6KOH + C = 2K + 3H:2 + 2K2C03.35-36 The highest surface areas and pore
volumes were achieved by KOH activation. The aY20, aY45, and aY165 give rise
to 1495, 1384, and 1037 m?g-" surface areas with 0.627, 0.577, and 0.418 ccg™’
pore volume respectively.

The molecular scale templating effect from surfactants can also be seen by the
increase in microporosity which is observed in the isotherms in Figure 1.5(a-c).
The steep initial rise at low relative pressure suggests micropore filling.3” Higher
amounts of micropore filling (Figure 1.5(a)) for the Y samples can be seen. Y and
aY isotherms contain the shape of Type | isotherms while N isotherms resemble
Type |l isotherms.38 The percent micropore and mesopore were also quantified in
Table 1.1. It should be noted that the MD simulation fails to predict the
mesoporosity of solid beads of the N samples. MD simulations are performed in
an emulsion-based system and hence it cannot predict the N sample morphology
accurately. A separate MD simulation of the N system was not performed to
quantify the mesoporosity in the simulation. For Y and aY isotherms, the
relatively flat plateau region suggests the limited amount of multilayer filling, or
the presence of meso or macropores. N isotherms, on the contrary, have
noticeable hysteresis, indicating capillary condensation in mesopores.3® These
features are also observed in the pore-size distribution analysis in Figure 1.5(d)
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Figure 1.5. Carbon surface characteristics based on gas adsorption-desorption
isotherm and porosity. (a), (b), and (c) Isotherms for adsorption-desorption for
aY, Y and N series samples respectively. (d) Pore size distributions for
different samples determined using the Quenched Solid Density Functional
Theory (QSDFT). (e) Pore size distributions at longer length scales > 2nm to
200 nm. The color schemes are shown in the legends.
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and its magnified version (from 2nm onward) in Figure 1.5(e). The mesoporous
characteristics of N samples can be explained in the following: N sugar polymers
were polymerized into their final shape in bulk without being templated with
hydrophobic segments of a surfactant. Thus, the polymerized sugars in N

samples self-assemble randomly without being fully dehydrated. During the high
temperature carbonization step, these functional groups evolved as volatiles, as
shown in the TGA plots in Figure S1.1 between ca. 200°C to ca. 700 °C,
activating and creating channels within the structure. This gives rise to the
mesoporous structures in the final carbonized products. In contrast, the Y
samples did not have mesopores as a result of micelle formation with the
surfactant causing the sugar polymers to dehydrate before being incorporated in
the hydrophobic core. This is evident by the smaller weight loss from the TGA
plots in Figure S1.1 compared to the N counterparts between ca. 400°C to ca.
700°C. Hence, this mechanism suppresses the amount of mesopores that can
be formed in an emulsion-based HTC as observed with the Y samples. To
summarize, the layering effect between surfactants and sugar-derived
carbonaceous polymers gave rise to higher surface area with smaller micropores
for the Y samples while the evolution of available volatiles from activated N
samples created larger mesopore channels during the high temperature
carbonization step.

Small angle X-ray scattering (SAXS) characterization of two selected samples
was carried out to investigate the presence of porous structure within the
samples. Figure 1.6 depicts the SAXS curves for the carbonized N45 and Y45
samples. One of the most notable differences was that Y45 exhibits a scattering
shoulder in the high-Q region, i.e., 0.1 < Q < 0.6 nm™" while N45 merely shows
asymptotic decay in scattering intensity. Here, Q is the magnitude of the
scattering vector defined as Q=|Q|=4mA""sind, with A and 6 being the wavelength
of incident X-ray beam and half of the scattering angle, respectively. The high-Q
scattering feature of Y45 indicates the existence of nanometer scale structures
created during carbon synthesis by the assistance of the surfactant where
hydrophobic carbon precursors accumulated inside the micelle and these
segments were separated by the hydrophobic surfactant tail and/or the oil
molecules. By considering the curve shape of the high-Q scattering shoulder
showing Intensity o« Q"', we employed the Guinier-Porod model for cylindrical
objects to fit the high-Q scattering shoulder.*° The data fit, indicated the existence
of cylindrical pores with an average diameter of 8.6 A (or 0.86 nm). Note that
both N45 and Y45 exhibit a power law with a fractal dimension of approximately
3 in the low-Q region revealing the presence of a 3-dimensional (3D) network
structure. We anticipate that they are 3D bridged pores of the samples. The N45
sample shows a steeper slope than that of the Y45 sample in low-Q region
indicating larger porous structure existing within the N45 samples (see Figure
1.6). These measured data corroborate very well with the measured pore volume
and surface area shown in Table 1.1. Specifically, the pore volume and surface
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samples.
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area of N45 and Y45 are (ca. 0.416 vs. 0.347 m3g™") and (ca. 273 vs. 743 m?g™"),
respectively.

Supercapacitor Application

To this end, we demonstrate the application of these renewable carbonaceous
materials for renewable energy storage systems. We used the synthesized
porous carbonaceous particles to prepare electrodes for EDL. EDL
supercapacitors, are energy storage devices with power performances that fit in
between dielectric capacitors and batteries from the Ragone plot, which
exemplifies the energy and power relationships for different energy storage
devices.*! Unlike batteries and pseudo-capacitors, EDL supercapacitors do not
rely on faradaic reactions.*? Thus, these type of supercapacitors have higher
charge-discharge rates and stabilities.*3 EDL supercapacitors rely solely on the
electrostatic separation between ions in electrolyte and electrons in electrodes.**
Using porous carbonaceous materials to serve as electrodes has gathered
significant interest,*%46 especially when derived from renewable materials.*7-4°

Figure 1.7(a-b) display typical cyclic voltammetry current-voltage (CV) curves
and charge-discharge profiles respectively for Y45 sample as an example. The
rest of the CV and charge-discharge curves can be found in Supporting
Information. The CV curves show symmetrical rectangular shapes and the
charge-discharge profiles show nearly symmetric triangular shapes for all scan
rates and current densities. This represents good to excellent capacitive
performances. Capacitances generally follow the same trend as surface area and
pore volume based on the governing formula for capacitors, C= ¢-A/d, where C is
the capacitance of the supercapacitor, € is the product of electrolyte dielectric
constant and permittivity of free space, A is the surface area between the
electrode and electrolyte, and d is the separation distances between ions in the
electrolyte and the electrons in the electrodes. As a result, the amount of charge
that can be stored, i.e. capacitance, increases with increasing accessible
surface.** Therefore, aY20 and aY45 with the highest surface areas of all
samples give the highest capacitance of up to 113 F g-'. The direct correlation
between surface area and capacitance can be observed in Figure 1.7(c-d),
where a summary of the capacitance values is shown. The notable exception to
the trend is N165 and Y165 samples. Y165 has a higher surface area when
compared to N165 but not its capacitance. Although many factors can cause this
discrepancy, at least one of the major factors is the pore characteristics of the
two samples. From the gas adsorption-desorption experiments, it has been
shown that N samples have larger pores than the Y samples. The Quenched
Solid-State Functional Theory (QSDFT) model showed that Y165 has 56% of its
pores smaller than 0.64 nm, which was the lower limit of the pore size
measurements. N165, however, only has 46% of such small pores. Although
solvated potassium ion has a size of 0.31nm and solvated hydroxyl ion has a
size of 0.35nm®® which are much smaller than the 0.64nm limit, we may still
speculate that the larger pores in N165, partly compensated its low surface area
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Figure 1.7. Capacitance measurement using carbonaceous materials as
electrodes of EDL supercapacitors. (a) Cyclic voltammetry IV curves for Y45 at
10, 20, 50, 100 and 200 mVs-1 scan rates. The legends are in mVs-1 (b)
Charge-discharge experiments for Y45 sample at 200, 500, 1000 and 2000
mAg-1 current densities. Legends are in mAg-1. (c) Capacitances for all the
samples as shown in the legend color code. (d) Table showing the capacitance
values at two different scan rates. (e) Electrochemical impedance
spectroscopy (EIS) results and (f) Cycle stability of aY20, aY45, and aY165.

51



for capacitance. Many micropores of Y165 could have blocked electrolyte ions
from reaching the carbon electrode surface, reducing the effective surface area
on the electrode for capacitance applications.'-52 Mesoporosity on the other
hand, could make the diffusion of electrolyte ions onto carbon electrode surfaces
easier, contributing to high capacitance, especially when fast diffusion of ions are
required, as in the case with a high scan rate.% %3 As a result, N165 and Y165
have similar capacitances at a slow scan rate, but as the scan rate increases,
N165 gradually outperforms Y165. Similarly, other Y samples generally have
poorer rate handling capability in comparison to the N samples. Noticeably,
aY165 rate handling capability was the worst followed by aY45. Similar to Y165,
the first suspect for explaining the poor rate handling was the kinetic limitation
from pore size distribution. However, the DFT results of a¥Y165 and aY45 did not
differ much from aY20 which the only other activated sample but with good rate
handling capability.

The activated samples were further analyzed using electrochemical impedance
spectroscopy. Figure 1.7(d) shows the Nyquist plots exhibit almost vertical lines
at the low frequency region, representing behaviors closer to an ideal
capacitor.'”- % A shallower slope closer to 45° as seen at the mid to low frequency
range represents Warburg resistance which indicates the slow diffusion of ions
on the surface of the electrodes.®>® One can also find a good indication of the
equivalent series resistance when extrapolating the vertical portion of the curve
to the x-axis on the Nyquist plot.%6-57 Notably, aY165 curve is shifted to the right
relative to aY45 and with aY20 being the furthest left curve. This indicates

impedance of aY165 is higher than aY45 then closely followed by aY20. This
explains the trend observed with a steeper drop in capacitance vs. scan rate
curve in Figure 1.7c for a¥Y165 than aY45 and aY20 with the shallowest drop
discussed earlier. We believe the main reason in their conductivity differences
are due to the different amounts of metal species in the activated samples and
thus their capacitance rate handling capability. Indeed, earlier ICP-OES results in
Table S1.1 showed that aY45 and aY165 have the highest amount of metal
species from the iron catalyst and the KOH activation process. Specifically,
aY165 contains 0.897% iron and 0.535% potassium, the highest, followed by
aY45, then aY20 with the least with 0.313 % iron and 0.211% potassium.

Because of the promising capacitances, 5000 long term cycling stability was
evaluated for all activated samples as shown in Figure 1.6(e). Capacitance
retentions of 98.3%, 97.2% and 99.8% for aY20, aY45, and aY165 respectively
were measured, revealing high cycle stability performances during practical
applications.

So far, we have shown supercapacitor properties of samples made from sugar-

derived carbonaceous materials. To correlate the functionalities of sugar-derived
activated carbon with real world byproduct management, the hollow carbon
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spheres made from woodchip pretreatment liquid effluence was activated and
characterized. A surface area of 872 m?/g and a pore volume of 0.511 cc/g were
obtained. When made into supercapacitor electrodes, capacitance of 109 F/g
was measured with a scan rate of 5mV/s which maintained a 90.5% capacitance
retention after 5000 cycles (Figure S1.4). The desirable result and nearly ideal
capacitive behavior reinforced the potential for biorefineries to utilize its biomass
byproduct using simple emulsion-based hydrothermal synthesis for EDL
supercapacitor electrode applications as a value-added product.

Conclusions

| have analyzed the evolution of spherical carbon particles and pore formation
mechanisms from sugars via hydrothermal synthesis. The morphologies of these
products can be controlled by modifying the composition of the media and thus
altering the carbonization mechanisms. Both computational and experimental
results show an intriguing effect that carbon morphologies evolve from a poorly
defined charcoal material to perfectly shaped spherical carbon as HTC time
increases. The size of the spheres can also be controlled by the HTC duration.
Because of the differences in reaction mechanisms, surfactant loaded precursor
in the emulsion medium self-assembled into hollow spheres (Y sample) whereas
in the absence of surfactant in simple hydrothermal reaction medium, the
precursors only yield solid spheres (N Sample). In terms of porosity, Y samples
have higher surface area and microporosity due to their hollow nature and the
layered templating effect caused by the surfactant molecules. In contrast, N
samples are both microporous and mesoporous mainly due to the evolution and
activation of volatiles during carbonization. The carbon surface area analysis,
molecular dynamics simulations, and the measured small-angle x-ray scattering
data reveal the templating effect of surfactants on the emulsion-based
hydrothermal synthesis of carbons. When these carbons were made into EDL
electrodes of supercapacitors, the observed supercapacitances correlated very
well with the measured surface areas and exhibited excellent capacitive
behaviors. Particularly, the Y samples synthesized for short duration (2045
minutes) show very high capacity (ca. 50-80 F/g) even at high scan rates. The
best performing Y samples were then activated with KOH, and surface areas and
capacitances further improved up to 1495 m? g' and 113 F g, respectively, with
a 98.3% capacitance retention for aY20 after 5000 cycles. Finally, we produced
supercapacitor electrodes from liquid effluence of steam pretreated woodchips
that are typically a byproduct of biorefineries using the same reaction pathway.
Perfectly hollow spheres can be synthesized from the woodchips. The resulting
activated hollow carbon spheres exhibited a desirable surface area of 872m?/g
and capacitance of up to 109 F/g. Almost ideal capacitive behaviors were
observed with 90.5% capacitance retention after 5000 cycles. Thus, we provide a
potential solution for deriving energy harvesting materials from a renewable
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resource. While the investigation was performed at a laboratory scale, the
simplicity of the overall synthesis technique can easily be scaled up to industrial
standards. The advantage of this method is threefold: (1) the synthesis technique
is simple, (2) the method can be used in parallel with biorefinery unit operation,
and (3) the cost of biorefineries will eventually decrease since a byproduct can
be converted into an energy storage material. We believe this work will influence
a change in the practices of biorefineries towards achieving their goal of
competing with fossil fuels.

Methodology

Hydrothermal Synthesis and Carbonization

HTC of carbon was conducted from 120ml 0.5M sucrose (Diamond Crystal,
Savannah, GA) and 0.5M FeCls solution. In another case, 0.5M sucrose and
0.5M FeCls solution were made from an emulsion of ultrasonicating 1.2g sodium
dodecyl sulfate (SDS), 24ml paraffin oil (Merck-KGaA, Darmstadt, Germany), and
96ml DI water. The hydrothermal reactions were carried out for 20, 45, or 165
minutes. Additionally, liquid effluence of steam pretreated woodchips (obtained
from carpentry waste from eastern Tennessee mixed hardwood biomass) at
180°C for 12 hours was made into an emulsion just like the previous case with
SDS and paraffin oil then subsequently HTC for 165 minutes with 1.2g FeCla.
Amount of carbohydrate resulted in the liquid effluence was estimated at around
2.5g. All chemicals were purchased from Sigma-Aldrich unless noted otherwise.
Synthesis was done in a 200 mL PPL lined stainless steel autoclave (Columbia
International). The autoclave was placed in an oven at 200°C for a specific
synthesis time. The hydrothermal synthesized solid product was then placed in a
quartz tube inside a tube furnace and carbonized at 1000°C for 20 minutes in a
nitrogen atmosphere. The carbonized material was then washed with 0.5M HCI
and water.

Activation

KOH was ground with the dried samples in a 2:1 (KOH:sample) ratio. Ground
samples were then ramped in a tube furnace under a nitrogen atmosphere at the
rate of 8°C per minute to 800°C and held for 30 minutes. The activated samples
were then cooled, washed with water, and dried. The activated ID carbon
materials were designated as “alD” carbon (i.e. activated Y20 is named as aY20).

Characterization

Scanning electron microscope (SEM) images were collected with a Hitachi
S4800. Carbon sphere diameters were measured by Image J software and
characterized by the mean and standard deviation of 10 randomly chosen
spheres within a sample. Transmission electron microscope (TEM) images were
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taken using a Zeiss Libra 120 Transmission Electron Microscope operating at
100kV. Samples were dispersed onto a carbon film coated copper grid before
analysis. Thermal gravimetric analysis was investigated by a Q500, TA
instruments. For each sample, ca. 15 mg was used for measurement onto a
platinum pan. Temperature was ramped to 105°C at 10°C/min, held for 30 min,
and ramped to 1000°C at 7.5°C/min in nitrogen atmosphere. Inductively coupled
plasma optical emission spectrometry was outsourced to Galbraith Laboratories
Inc., a commercial analytical chemistry laboratory service in Knoxville, TN.
Nitrogen adsorption desorption experiments were carried out with a
Quantachrome Autosorb iQ at 77K. Surface area, pore size distribution, and pore
volume were determined using the Quenched Solid Density Functional Theory
(QSDFT).%® For capacitance measurements, the carbonaceous material was first
mixed with a conductive carbon black (Timcal super C45) at 8:1 ratio then with 10
wt. % aqueous Polytetrafluoroethylene (60% dispersion in water). The mixture
was then mixed in ethanol to form a paste. The paste was then coated on two
7/16%™ in. diameter Ni-foam circles and dried overnight. These current collectors
were then pressed and used as electrodes in symmetrical two-electrode cells
with 6M KOH as electrolyte. Filter paper served as the separator. Two stainless
steel rods were used to clamp on the electrode-filter paper-electrode complex
and the complex was housed inside a Teflon Swagelok cell. VersaSTAT 4
(Princeton Applied Research) was used to perform cyclic voltammetry, charge-
discharge, and electrochemical impedance spectroscopy (EIS) experiments. A0
to 0.8V voltage window was used. Scan rates varied from 10mV s™' to 200m V
s™'and from 200mA g-' to 2000 mA g™'. EIS was conducted at a frequency of 500
kHz to 50 mHz with an amplitude of 10mV. The specific capacitances were
calculated from C = 2g/mE, where E is the voltage window of 0.8V, m is the mass
of the carbon sample used, and q is the charge accumulated calculated from
VersaStudio software. Cycle stability was conducted on a Arbin battery cycler
(Arbin Instrument) at 500mA g-'.

Small-Angle X-ray Scattering (SAXS) data were acquired at the Center for
Nanophase Materials Sciences (CNMS) in Oak Ridge National Laboratory on an
Anton Paar SAXSess mc?. The scattered beam was recorded on a CCD detector
(P1-SCX, Roper) with a pixel resolution of 2084 x 2084 and pixel dimensions of
24 x 24 ym?. The data collection time was 20 minutes. For the measurements,
the X-ray was generated at 40 kV/50 mA at a beam wavelength of A = 1.541 A
(Cu Ka radiation). The generated X-ray beam was slit-collimated using a Kratky
camera giving rise to the beam size of 18 mm (Length) x 0.4 mm (Width) and the
collected SAXS data were desmeared and expressed as intensity versus q,
where q = (417 sinB)/A after subtraction of detector dark current and background
scattering.

Computational Model

Coarse-grained molecular dynamics (CGMD) simulations were performed on a
dilute mixture of sugar and SDS surfactant. The sugar molecules were modeled
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as short polymer chains of 15 monomeric units with 4 hydrophilic monomers with
charges on the polymer backbone. The charges on the polymer chains allows the
chain to be slightly polar thereby mimicking the polar hydroxyl groups of the
sugar molecules. The SDS surfactants were modeled as 12-mer polymer chains
with 1-mer hydrophilic polar head and 11-mer hydrophobic tails has been done in
previous CGMD studies.>®-¢% While the experiments were performed in both water
and emulsion (in SDS), we performed only one set of simulation in SDS
(emulsion in experiments). The purpose of the simulation was to understand the
self-assembly of carbonaceous bead formation irrespective of the presence of
absence of SDS, we chose the latter. The interactions between the neutral
monomers were modeled using Lennard-Jones (LJ) force-field (FF) while the
charge interactions were modeled using explicit Coulomb interactions. Each
monomer bead was represented by mass, m, and Lennard-Jones bead diameter,
0. For the simulations, we considered the mass and LJ diameter equal to 1 and
0.97 respectively, same for all monomers. As the variation of m and o of sugar
and surfactant monomers are relatively small, hence this choice m and o would
provide critical self-assembly information without drastically altering the
fundamental physics. The model system consisted of 2000 polymer chains and
2000 surfactant molecules in a periodic box of 100 0 X100 0 X100 O at a
density, 0.064/ 0. In experiments, the hydrothermal carbonization process strips
off the charges on the sugar and SDS molecules. Therefore, the most realistic
way to computationally model hydrothermal carbonization would be to strip off
the charges after a certain simulation time. Hence, we modeled the carbonization
process by stripping off the charges from both the polymers and surfactants after
equilibrating for 5 million LJ time-steps. By deleting all the charges from the
system, the interaction between the monomers becomes solely hydrophobic,
representing a purely carbonaceous material. The polymer chains and surfactant
molecules undergo self-assembly during equilibration, however, to achieve
equilibration for a fully hydrophobic (no-charge scenario) system, we ran 3 million
more-time steps. All the simulation parameters are in reduced units. The

temperature is fixed at, T* = 1.0 keT/€ and the simulation time step is fixed at, At

= 0.01 0. The visualization of MD trajectories was generated by VMD code®! and
the structural analysis was performed using the in-house code.
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Table S1.1. Iron and potassium contents of all samples analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES). The minimal redox

Appendix

peaks in the cyclic voltammetry experiments and the low metal contents lead us
to believe pseudocapacitance does not play a major role in the results. With that

said, metal species did affect electrodes’ conductivity confirmed by
electrochemical impedance spectroscopy and 5000 cycle stability results.

Fe (%) K (%)
Y20 |0.285 NA
Y45 | 0.791 NA
Y165 | 0.814 NA
N20 | 1.060 NA
N45 | 0.300 NA
N165 | 1.010 NA
aY20 | 0.313 0.211
aY4s | 1.170 0.491
aY165 | 0.897 0.535
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Figure S1.1. Thermogravimetric analysis of all hydrothermal synthesized samples
prior to high temperature carbonization. Onset of thermal decomposition, thermal
stability, and yield all follow the trend with 165>45>20 for N samples due to
longer hydrothermal synthesis duration provides larger degrees of stabilization.
The same conclusion however, cannot be drawn for the Y samples mainly
because of the residue paraffin oil being burned off at ca. 300°C. All samples saw
decomposition and carbonization up till ca. 700°C. Weights stay largely constant
after ca. 700°C. N samples have noticeably steeper slopes and weight loss at ca.
400°C to 700°C due to volatile evolution which are less pronounce in the Y
samples due to different carbonization mechanism.
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Figure S1.2. Electrochemical testing of the carbonaceous products when used as
supercapacitor electrodes. Cyclic voltammetry of (a) Y20, (b) Y165, (c) N20, (d)
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Figure S1.3. Electrochemical testing of the carbonaceous products when used as
supercapacitor electrodes. Charge discharge curves of (a) Y20, (b) Y165, (c)
N20, (d) N45, (e) N165, (f) aY20, (g) aY45, and (h) a¥Y165 at 200, 500, 1000, and
2000 mA g-1 current densities.
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pretreatment liquid effluence-derived activated carbon. (a) Isotherm, (b) Pore size

distribution, and density functional theory calculation reveals an abundance in
microporosity (72%) and a smaller amount of mesoporosity (28%). (c) Cyclic

voltammetry with symmetric rectangular shapes (at 10, 20, 50, 100, and 200 mV

s-1 scan rates), (d) Charge discharge profiles with symmetric triangular shapes

(at 200, 500, 1000, and 2000 mA g-1 current densities), and (e) Electrochemical
impedance spectroscopy Nyquist plot indicating almost ideal capacitive behavior.

(f) Capacitance vs. scan rates. (g) 5000 cycle stability with 90.5% capacitance

retention supporting electrode’s practical application.
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CHAPTER II: A SOLVENT-FREE RENEWABLE CARBON
SYNTHESIS FROM LIGNIN WITH TUNABLE POROSITY FOR
SUPERCAPACITOR ELECTRODES
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Naskar:
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Abstract

Synthesis of multiphase materials from lignin offers limited success due to the
inherent difficulty in controlling dispersion of these renewable hyperbranched
macromolecules in the product or its intermediates. Strategic use of the
chemically reactive functionalities in lignin, however, enables tuning
morphologies of the materials. Here, we tailored lignin oligomer with a rubbery
macromolecule followed by thermal crosslinking to form a carbon precursor with
phase contrasted morphology at submicron scale. The solvent-free mixing is
conducted in a high-shear melt-mixer. With this, the carbon precursor is further
modified with potassium hydroxide for a single-step carbonization to yield
activated carbon with tunable pore structure. A typical precursor with 90% lignin
yields porous carbon with 2120 m?/g surface area and supercapacitor with 215
F/g capacitance. The results show a simple route towards manufacturing carbon-
based energy-storage materials, eliminating the need for conventional template-
synthesis.

Introduction

Biomass conversion to fuel and chemicals is one of the challenges to reduce the
dependence on fossil fuel resources. While great success has been achieved
using the cellulose and the hemicellulose fractions,* lignin remains underutilized®
3 and many researchers see its valorization as the key to improving the
economics of biomass conversions to levels competitive with petroleum.
Recently a new organosolv fractionation method using y-valerolactone (GVL) has
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been reported.* This method maximizes the conversion of the lignocellulosic
biomass to high value products (>80% of the original wood mass to product) and
produces a high purity lignin, with a significant amount of (3-O-4’ linkages that
can be used as a high value co-product, like lignin-derived carbon.>° Although
major development effort has gone into controlling lignin carbon’s morphology,
the scientific community still struggles.1%-1? This is likely due to the fact that lignin
is a highly branched and complex polymer.?3 Nevertheless, the plentiful
functional groups?*? on lignin make it amenable for chemical reactions.?

The research group learned previously that thermal stabilization in air can
crosslink lignin itself or with acrylonitrile-butadiene rubber (NBR), giving different
thermomechanical properties of the lignin-NBR adducts, hinting to a pathway for
better control of morphology.'# Covalent bonds like ether linkages within lignin
are thermally sensitive,*® especially when they are next to phenolic rings, due to
the resonance effects with the I electron conjugation. As a good radical
scavenger,'® any free radicals generated from the thermally sensitive linkages
during stabilization can then crosslink with reactive sites on other lignin
molecules resulting in a molecular weight change.’ Concurrently, lignin radicals
can also attack the unsaturated carbon-carbon double bonds (C=C) on NBR, in
turn, crosslinking with NBR.14 18 By utilizing lignin crosslinking with different
polymers, green polymer blends can be designed. Akato et al. reported by using
10% polyethylene oxide (PEO), lignin can be blended with acrylonitrile butadiene
styrene without loss of mechanical properties, potentially reducing the cost and
carbon footprint of 3D printing products. Bova et al. successfully produced high
performing NBR-lignin blends with a small amount of low cost additives like PEO,
carbon black, etc. with tensile strength of up to 25.2MPa and failure strain of up
to 140%. Using temperature induced nanoscale-dispersion of lignin, Tran et al.
synthesized a NBR blend with outstanding recyclability and yield stress of up to
45MPa. Similarly, Nguyen et al. made a NBR-lignin blend and demonstrated its
use for shape memory and sensor application after coating with metallic
nanoparticles.

Herein, by doping with small quantity of NBR (10 wt. %) and thermally stabilizing
lignin, we can tailor the degree of crosslinking in the polymer blends. After
carbonization, the lignin-derived carbon morphology can thus be tuned.
Previously, lignin carbon’s morphological control commonly relies on polymeric
surfactants and solvents.'! 19 For example, Saha et al. used a Pluronic surfactant
with tetrahydrofuran and hydrochloric acid (HCI) mix for templating a HCL treated
lignin prior to carbonization and activation.2® In another case, a lignin-cellulose
mix was dissolved in a chloroform-water mixture with the presence of sodium
dodecylbenzenesulfonate prior to acetone precipitation, drying, and
carbonization.'! To the best of our knowledge, this is the first attempt towards
designing lignin carbon morphology without the use of any solvent or block
copolymer templating agents. To maximize the utilization of lignin, a 90% lignin
loading was used across all samples. This is so far the highest lignin loading
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among many lignin-polymer composite work reviewed in this manuscript which

have lignin loading anywhere between 10% to 60%.%4 18.20-21 Using this simple

design principle, we aimed to synthesize a better porous carbon from lignin and
to improve its performance as supercapacitor electrode.

Results and Discussion

To confirm the possibility of crosslinking reactions within a renewable lignin
(GLB-lignin) extracted from hardwood (Birch) biomass using gamma-
valerolactone solvent and in the mixtures, 2D nuclear magnetic resonance
spectroscopy was conducted to determine the availability of thermally sensitive
linkages (see Figure S2.1-3, Table S2.1, Supporting Information). Syringyl
propane units (substructures S and S’) were observed at relatively high
concentrations, while guaiacyl propane unit (substructure G) and p-
hydroxyphenyl propane units (substructure H) were observed at lower
concentrations. Within the structural units, GLB lignin contains significant 3-O-4’
linkages (substructure A), -5’ linkages (substructure B), and B-B linkages
(substructure C). The presence of these thermally reactive linkages, particularly
the B-O-4’ linkages, gives the possibility of free radical formation for cross-linking
reactions and macromolecular rearrangements. The current study relies on these
reactive sites for tuning the lignin-derived carbon morphology and functionality.

In the previous studies, when crosslinking lignin with rubbers was accomplished
by simple melt-mixing, small (hanometer to micrometer scale) lignin aggregates
dispersed within the rubber matrix were observed. The lignin aggregates were
described as “island in the sea” and “spaghetti and meatball” when observed
under electron microscopes.# 18 20-21 \With this in mind, we carbonized a 10 wt.%
NBR doped lignin and observed rough macroporous structures under scanning
electron microscope (Figure 2.1 a-c), that are independent of stabilization
duration. The investigated samples, namely GLB-D, 1-GLB-D, and 6-GLB-D, are
the carbonized lignin NBR composites with no stabilization, one-hour
stabilization, and six-hour stabilization, respectively. Notably, the “island in the
sea” and “spaghetti and meatball” type morphology was retained through the
carbonization and activation process. In contrast, all undoped (without NBR)
lignin carbon samples show relatively less porous surfaces (Figure 2.1 d-f),
resulting from the lack of NBR dispersion. The GLB, 1-GLB, and 6-GLB samples
are carbonized undoped lignin with no stabilization, one-hour stabilization, and
six-hours stabilization, respectively. It is remarkable that even at as low as 10%
NBR doping, as oppose to the 60% NBR loading in the previous studies,!® 20-21
carbon morphology with submicron-scale pore structures can be produced.
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Figure 2.1. Scanning electron microscope images of carbonized GLB lignin
and its rubber composites. a)-c) Doped lignin-derived carbon from composition
with 90% lignin and 10% NBR. d)-f) Undoped lignin-derived carbon, i.e.,
carbon from 100% lignin. Left to right are samples with no stabilization time,
one-hour stabilization, and six-hour stabilization.

It is known that porosity of activated carbon produced from polymer precursors
like lignin can be controlled by varying the molecular weight of the precursor.: 22
By stabilizing lignin and lignin NBR composite in air, their degree of crosslinking
was controlled, and thus the morphology of the final activated carbon was
controlled.

The first hint of success in controlling the degree of crosslinking via stabilization
in air came as the color changed in lignin samples from a light to dark brown
powder (see inset of Figure 2.2c). A more definite way to confirm a change in
molecular weight by size exclusion chromatography (SEC) could not be
accomplished due to lack of solubility of highly crosslinked samples. For
example, SEC can only be performed with GLB and 1-GLB carbon precursors
(P-GLB and P-1-GLB). The number average molecular weights (Mn) of P-GLB
and P-1-GLB are 4074 g mol* and 5400 g mol* with polydispersity indices (PDI)
of 1.192 and 1.267 respectively. With only one hour of thermal stabilization, the
change in Mn is distinguishable to confirm stabilization in the air at 180°C can be
used to control the molecular weight of lignin.

To unveil the changes in degree of crosslinking for the remaining samples, we
approached other indirect methods. An increase in thermal stability can be an
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Figure 2.2. Thermal stability of carbon precursors with varied degree of

crosslinking. Differential scanning calorimetry data of a) undoped GLB lignin

carbon precursors and b) NBR doped GLB lignin carbon precursors.
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indication of crosslinking.** However, we recognize that the presence of highly
branched structures and certain degree of crosslinks within the samples
considerably contributed to the broad thermal transitions and thus the thermal
transition temperatures might be a crude determinant (Figure S2.4).
Nevertheless, the endset temperatures determined from differential scanning
calorimetry (DSC) showed a continuous increasing trend from 125.2°C, 140.1°C,
to 154.6°C for P-GLB, P-1-GLB, and P-6-GLB respectively. Likewise, the endset
temperatures of P-GLB-D samples increased continuously from 161.0°C,
170.4°C, to 172.3°C with no stabilization, one-hour stabilization and six-hours
stabilization respectively. The DSC results clearly showed an obvious and
expected trend of increasing polymer’s degree of crosslinking with stabilization
time (Figure 2.2 a-b). Although less apparent with the doped samples, similar
trends were also observed with the onset of thermal degradation as observed
from the thermogravimetric analysis (TGA) in Figure 2.2 c-d.

On par with DSC and TGA, we expected that crosslinking would cause a change
with reactive functional groups in the carbon precursors as shown with Fourier-
transform infrared spectra (Figure 2.3 a-b). For undoped carbon precursor, a shift
in alkene (C-H) bending frequency was detected from 835 cm™ and 770 cm™.
The (-O-H) stretch with alcohol and carboxylic acid weakened with stabilization
time at 3450 cm. In turn, a stronger (-C-O-) stretch (e.g. ether and ester
functional groups) was detected at 1170 cm*. In addition to a few changes in the
undoped samples, FTIR spectra of all doped samples have peaks at ca. 970 cm™?
due to the alkene (-C-H) bond and ca. 2350 cm due to the nitrile (-C=N) stretch
from NBR. Nonetheless, as stabilization progressed, the intensity of these peaks
lessened as first or second order amine signal at 770 cm™ and carbonyl group at
1715 cm*arose.

Gas adsorption-desorption experiments were then conducted with all carbon
samples (Figure 2.4). All isotherms exhibit a steep initial climb at low relative
pressure followed by a flat plateau, signifying typical type | isotherms with
dominant microporosity (Figure 2.4a).23 All isotherms except for GLB and 1-GLB
also show small hysteresis, indicating capillary condensation in mesopores.?*
Similar features can also be determined from the pore size distributions (Figure
2.4b). Both GLB and 1-GLB samples show a small but still distinct peak at ca. 2-
3 nm in the pore-size distribution curve. Whereas, the other four samples show a
contrastingly broader peak at ca. 3-5nm.

The estimated surface area (SA) and corresponding pore volumes are calculated
by Quenched Solid Density Functional Theory, QSDFT, and summarized in
Table 2.1. Interesting trends were observed. When GLB lignin is doped with NBR
prior to carbonization, the SA of the derived carbon increases from 1750 m?/g to
2120 m?/g. However, when the doped GLB lignin is stabilized before
carbonization, the SA of the derived carbon decreases continuously to 1912 m?/g
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Table 2.1. Surface area, pore volumes, and capacitances at 100 mA/g for all
carbon samples.

Surface area (m?/g) Pore Volume (m3/g) Capacitance (F/g)

GLB 1750 0.733 175
1-GLB 2136 0.893 201
6-GLB 1970 1.098 195
GLB-D 2120 1.33 215
1-GLB-D 1912 1.145 170
6-GLB-D 1585 0.845 154

with one-hour stabilization then 1585 m?/g with six hours of stabilization time. For
undoped lignin, the SA first increases with stabilization time with 1-GLB giving
2136 m?/g but drops to 1970 m?/g with a six-hours stabilization time. The pore
volume shows similar trends as well.

Many factors take part in controlling the final porosity of carbons. Jeon et al.
recently revealed a significant contribution of precursor molecular weight to the
carbon porosity.® Briefly, low Mn lignin carbon precursor has more free volume,
chain ends, and a higher chain mobility, allowing it to be carbonized more easily,
leading to higher porosity relative to its higher Mn counterpart.® 22 The difference
in carbon precursor Mn directly relates to the degree of crosslinking as discussed
previously in this manuscript with the FTIR, thermal stability, and color change of
lignin and lignin-NBR composites in Figure 2.2-3.

The second major factor affecting carbon porosity can be volatile generations
from the oxygen content of the carbon precursor.® 2?2 Due to the possible
oxidation of radicals, it is logical to suspect that stabilization altered oxygen
content of the carbon precursor. Thus, oxygen analysis was performed on all the
carbon precursors. Interestingly, the change in oxygen content is minimal with
respect to stabilization time (Table S2.2). Furthermore, potassium hydroxide
(KOH) is a well-known carbon activating agent.> 2°> During carbonization, KOH
etches pores along carbon surfaces and at the same time provides ample supply
of oxygen to the system, drowning out the small difference in oxygen content with
the carbon precursors. KOH activation has been studied extensively and can be
summarized as: °

6KOH + 2C = 2K + 3H2 + 2K2COs.
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Another source of volatiles for the doped samples comes from the pyrolysis of
NBR during carbonization.?® Thus far, lignin-derived activated carbon’s
morphological control by thermal stabilization and melt-mixing of NBR in terms of
porosity have been discussed in two scales and must be emphasized. We
explored porosity in the micrometer scale in the beginning of the manuscript
relating to the SEM images presented in Figure 2.1. Here, porosity in the
nanometer scale is presented with the result from gas adsorption-desorption
experiments relating to Figure 2.2-3 and Table 2.1. NBR doping has a role to
play in the development of both micrometer and nanometer size pores. We
believe melt-mixing can be a crude process. Porosity generated in the
micrometer scale seen from Figure 2.1 may originate from the imperfect mixing
of the 10% NBR aggregates within lignin NBR composite. In contrast, the role of
the 10%NBR dope here with the nanometer size porosity described by the gas
adsorption-desorption originates from the well mixed NBR dispersion within the
lignin matrix.

To understand the impact of carbon morphology on supercapacitor performance,
we synthesized electrodes using the carbon samples and their electrochemical
performance was tested. Supercapacitors, unlike Li-ion batteries, rely on the
physical separation of charges for energy storage.?’ Because physical charge
separation is the key, a high performing supercapacitor correlates directly with
the carbon electrode’s porosity and accessible surfaces by electrode ions.?® The
accessible pores are the active sites which allow electrode charges to interact
with electrolyte ions, thus storing energy. As expected, the measured
capacitance values largely correlate directly with SA of the carbon samples?®
(Table 2.1). It is also anticipated that as current density increases, capacitance
decreases, led by the limited rate of electrolyte diffusion through narrow pores
relative to the increasing current (Figure 2.5a).1°

Herein, GLB lignin-derived electrodes have capacitances of up to 215 F/g with
GLB-D. These performances are less than that of the cutting edge electrodes
fabricated using graphene or graphene-like materials with capacitances of ca.
300 F/g.2%-31 However, those exotic carbon materials can cost three times more
than the current commercial supercapacitor carbon electrodes made from
coconut shell.®2 In a supercapacitor where half of its material cost comes from
the carbon electrode,?? cost barrier can easily prevent market penetration,
making a strong case for lignin-derived carbon electrodes.

Cyclic voltammetry (CV) and charge discharge (CD) experiments were carried
out (Figure 2.5b-c with GLB-D as an example). Other CV and CD profiles are
showed in Figure S2.5-6. All CV and CD profiles exhibited almost symmetrical
rectangular and triangular shapes respectively, suggesting excellent capacitive
behaviors. Electrochemical impedance spectroscopy experiments were then
conducted. The Nyquist plots of all samples (Figure 2.5d-e) behave like typical
resistance-capacitance (R-C) circuits with nearly vertical lines at low frequency,
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suggesting near ideal capacitive behaviors.33 At a higher frequency, an arc shape
with shallower slopes can be observed. The shallower slopes with ca. 45° sitting
in between the low and high frequencies signal Warburg resistance, stemming
from electrolyte ions diffusion rate.?®> The arcs at high frequency usually infer
charge transfer resistance, which includes the accessibility of electrolyte ions
onto porous carbon surfaces and the electrode’s conductivity. Because the arcs
did not extend into full semi-circles, they suggest minimal charge transfer
resistance due to mainly larger pores taking parts in charge transfer.'® The
internal resistance, or equivalent series resistance, commonly known as ESR,
which combines many aforementioned resistances and resistance of the carbon
electrodes, bulk electrolytes, and any contact resistance, can be estimated from
the X-intercepts.®* Estimated ESR ranged from 0.238 Q with 6-GLB sample to
0.466 Q2 with GLB sample (Figure 2.S3).

With these promising results, the two best performing samples along with GLB-
derived electrode were further tested with 5000 cycle stability (Figure 2.5f). All
samples have high stability with 101-105% capacitance retention. The rise in
capacitance during cycling can be a hint to the improvement of electrode
wettability.3> The superior electrochemical stability and reversibility3® supports
the use of NBR doping and thermal stabilization for a better lignin-derived carbon
electrode design in practical supercapacitance applications.

Conclusions

In summary, this work demonstrates a path for producing controlled morphology
in lignin-derived activated carbon without the use of solvents and traditional
templating agents. By simple thermal treatment of lignin carbon precursor in air
at 180 °C for an optimal duration and/or melt-mixing the lignin with 10 wt.% NBR,
we were able to control the degree of crosslinking in the resulting polymeric
blends. After carbonization and activation, the degree of crosslinking translated
into carbon morphology and porosity, thus increased the SA from 1750 m?/g up
to 2120 m?/g. This design approach was also shown to be effective in tailoring
lignin-derived carbon in supercapacitor electrode applications. The synthesized
electrodes exhibited good capacitive behaviors with capacitance of up to 215 F/g
and full capacitance retention even after 5000 cycles. These, and others, new
lignin applications will be critical for the development of the future biorefinery.
While many works have focused on the production of fuel and chemicals from the
cellulose and hemicellulose fractions, getting value from the lignin, beyond its
heating value, will enable the low-cost production of building blocks chemicals
and bio-fuels.
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Experimental Section

Lignin Preparation Method

To obtain the GLB lignin (Glucan BioRenewables, LLC) white birch was treated
in a 0.1 M sulfuric acid solution 80/20 wt% y-valerolactone (GVL)/water for two
hours at 121°C. At the end of the reaction the solid cellulose was separated from
the GVL/water solution containing the solubilized lignin and hemicellulose by
conventional vacuum filtration. To precipitate the lignin, 10 times by mass of
water were added to the liquid solution. The lignin was separated from the liquid
by centrifugation and washed several times with hot water to remove remaining
GVL. Finally, the lignin was dried at room temperature for 24 hours. The lignin
was recovered as a light brown fine powder.

Sample Preparation

GLB lignin was doped with nitrile butadiene rubber (NBR51, 51 mol% nitrile
content) (Scientific Polymer) in a 9:1 mass ratio via melt-mixing in a Brabender
Plastic Corder internal mixer. The lignin was loaded first at 90 rpm and 180 °C for
2 min. The NBR51 was then added and continued mixing for a total of 30 min.
Melt-mixed composite was then thermally annealed in air at 180 °C for one hour
or six hours. The samples were collected and stored at ambient temperature
before grounding with KOH in a 1:2 mass ratio. Then samples were loaded and
ramped in a furnace under nitrogen for two hours to 800 °C, held for 30 mins,
then cooled to ambient temperature. The carbonized samples were collected and
washed with water, then dried. GLB lignin carbon without NBR doping were also
prepared similarly.

Carbon Precursor Characterization

Lignin functional groups were studied by '3C NMR and 2D 'H-'3C Heteronuclear
Multiple Quantum Coherence (HMQC) NMR spectroscopy using methods
previously reported3” on a Varian 500 MHz spectrometer at 23 °C with DMSO-ds
as the solvent. Lignin molecular weight and distribution were determined in DMF
(with 0.05 mol LiBr) via size exclusion chromatography (SEC) at 60 °C and a
flowrate of 1 mL min-1. The SEC system consisted of a Waters 1515 Isocratic
HPLC pump equipped with 2414 Refractive Index (RI) detector. Polyethylene
oxide/polyethylene glycol standards were used with Styragel HR 3 and HR 4
columns maintained in a column heater compartment. Glass transition
temperatures were determined using a differential scanning calorimeter (Q2000,
TA instruments). For each sample, ca. 4 mg was loaded in a hermetic pan for
measurement. Three heating and cooling cycles were carried out but only the
second cycle was used for analysis. Within each cycle, sample was ramped to
and back from -80°C and 250°C at 10°C/min. Thermal stability was investigated
by a thermogravimetric analyzer (Q500, TA instruments). For each sample, ca.
15 mg was placed onto a platinum pan for measurement. During measurement,

80



nitrogen atmosphere with a flow of 60 mL/min was used. Temperature was first
ramped to 105°C at 10°C/min, then held for 20 min, before ramping to 650°C at
10°C/min. Fourier transform infrared spectroscopy was conducted with a
PerkinElmer Frontier instrument. The ATR, attenuated total reflectance method,
was used with a force gauge of 60 (a.u). All spectra with ranges from 500 to
4,000 cm™! were collected with 32 scans at a scan speed of 1 cm/s and a
resolution of 1 cm'. Baseline was subtracted for correction for each
measurement.

Carbon Characterization

Scanning electron microscope (SEM) images were taken from Hitachi S4800
accelerated at 10kV with a working distance of 15mm. Nitrogen adsorption
desorption experiments were done with a Quantachrome Autosorb iQ at 77K.
Surface area, pore volume, and pore size distribution were determined using the
Quenched Solid Density Functional Theory (QSDFT). Oxygen analysis by
pyrolysing under helium with a Thermo Finnigan FlashEA™ 1112 Elemental
Analyzer (Oxygen Modification) was outsourced to Galbraith Laboratories Inc., a
commercial analytical chemistry laboratory service in Knoxville, TN.

For capacitance measurement, the carbon sample was mixed with a conductive
carbon black (TIMCAL C45) and Polytetrafluoroethylene (60% dispersion in
water) in an 8:1:1 ratio. Ethanol was then added to the mixture to form a paste.
The paste was then coated onto two 7/16™" in. diameter Ni-foam discs, dried
overnight, then pressed and used as current collector electrodes in symmetrical
two-electrode cells. Filter paper soaked with 6M KOH was served as the
separator and electrolyte. The electrode-filter paper-electrode complex was then
housed inside a Teflon Swagelok cell with two stainless steel rods. VersaSTAT 4
(Princeton Applied Research) was used to collect cyclic voltammetry,
electrochemical impedance spectroscopy (EIS), and charge discharge profiles.
Frequency of 500 kHz to 50 mHz was conducted with EIS at an amplitude of
10mV. Specific capacitances were calculated from C = 2g/mE, where m is the
mass of the paste used, E is the voltage window of 0.8V, and q is the charge
accumulation calculated from VersaStudio software. The internal resistance, or
equivalent series resistance, commonly known as ESR, was estimated from the
X-intercepts. Cycle stability was conducted at 500mA gon an Arbin battery
cycler (Arbin Instrument).
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Figure S2.1. 3C NMR spectra of GLB lignin.
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Table S2.1. Signal assignment in the '3*C NMR spectrum of GLB Lignin.

Range Assignment Amount
(ppm) (per 100
Ar)
162- Car-0 192
142
142- Car-c 208
125
125- CAR-H 212
102
90-77 Alk-O-Ar, a-O- 53
Alk
77-65 y-O-Alk, OHsec 30
65-58 OHprim 52
58-54 OMe 122
54-52 Cp Cps 7
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Figure S2.2. HMQC spectrum of GLB lignin. Assigned lignin substructures are in
Figure S2.3.
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Figure S2.3. Lignin substructures detected by HMQC. (A) B-O-4’; (B) B-5’
(phenylcoumaran structure); (C) B-B’ (resinol structure); (G) guaiacylpropane unit;
(S) syringyl propane unit; (S’) syringyl propane unit with carbonyl at Ca; (H) p-
hydroxyphenolpropane unit.
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Table S2.2. Summary of oxygen analysis of all carbon precursor samples.

Oxygen (%)

P-GLB
P-1-GLB
P-6-GLB
P-GLB-D
P-1-GLB-D
P-6-GLB-D

29.13%
29.28%
29.16%
25.61%
25.91%
26.59%
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Figure S2.5. Charge discharge profiles at 100, 200, 500, 1000, and 2000 mA/g
of a) GLB lignin-derived carbon, b) GLB lignin with one hour stabilization-derived
carbon, c) GLB lignin with six hours stabilization-derived carbon, d) Doped GLB
lignin with one hour stabilization-derived carbon, and e) Doped GLB lignin with
six hour stabilization-derived carbon.
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Figure S2.6. CV at 10, 20, 50, 100, and 200 mV/s of a) GLB lignin-derived
carbon, b) GLB lignin with one hour stabilization-derived carbon, c) GLB lignin
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stabilization-derived carbon, and e) Doped GLB lignin with six hour stabilization-
derived carbon.
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Table S2.3. Summary of internal resistances, or equivalent series resistances
(ESR) of all carbon-derived electrode samples.

ESR (Q)
GLB 0.466
1-GLB 0.384
6-GLB 0.238
GLB-D 0.247
1-GLB-D 0.247

6-GLB-D 0.324




CHAPTER Ill: A SIMPLE METHOD FOR SYNTHESIS OF
MICRONIZED CARBON SPHERES FROM LIGNIN
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Abstract

| use lignin, to yield monodisperse micronized carbon particles. Synthesis of
particulate carbon spheres from an aqueous colloidal suspension of lignin usually
involves additional steps such as the addition of surfactant or monomers and
subsequent interfacial polymerization, and solvent removal either by slow
evaporation or freeze-drying prior to the high temperature carbonization process.
In this article, we present a solvothermal synthesis of lignin-derived carbon by
strategically using the char forming characteristics of lignin via thermally-induced
molecular rearrangement inside a good organic solvent. Use of less polar solvent
than water allows nonpolar aromatic char to stay solvated during the reaction and
helps to form equally-sized spherical charred product. Computer simulation
shows their granular structure formation via thermal reaction in a good solvent.
Carbon and proton nuclear magnetic resonance spectroscopy predicts lignin
solvothermal reaction products. This method is free from multiphase media,
catalysts, or template. The spherical carbon particles from lignin may find use as
carbon black, pigments, or plastic product additives.

Introduction

Lignin, a renewable feedstock with an annual throughput of 50 million tons
from the paper and pulp industry alone,* is one of the most underutilized
resources.? With the majority of Ilgnln S|mply burnt as a low-cost fuel at
equivalent value of 4 cents a pound? and only two percent of it being
commercially utilized to produce higher value products,* the bloreflnery
industry is very interested in finding additional value of lignin.®> One area of
interest is to produce spherical carbon particles from lignin. Carbon is a
versatile product, and when made mto spheres, can potentially increase its
processability and packing density.® Furthermore, it can also serve as a
good scaffold, template, or capsule for metal species and catalysts.”®
Lignin- -derived carbon spheres can also be used as drop-in replacements
for carbon black for rubber reinforcement, pigments, or plastic product
additives.1°

Pyrolysis of Ilgnln indeed leaves porous carbon residue that can be milled
into powder.'! However, such particles lack the uniform shape and surface
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smoothness required for efficient packing required to reach acceptable bulk
densities for further use. Synthesis of particulate carbon spheres from
colloidal suspension of lignin usually involves additional steps such as the
addition of surfactant or monomers and subsequent interfacial
polymerization,!? precipitation,'® freeze-drying, and very slow solvent
removal prior to the carbonization process.'* Moreover, the retention of
spherical carbon particle shape during pyrolysis remains a grand
challenge. One explored strategy involved the utilization of nitrogen
containing carbon precursors such as polyaniline or poly(N-ethylaniline)*?
or azo-functionalized lignin (diazotization reaction with lignin)** that
thermally crosslinks. Their spherical shape and additional functionality can
be retained in the resulting carbon derivative as a higher capacity
electrode. A slightly different strategy involves synthesis of composite
particles from depolymerized lignin and high molecular weight
hydroxyethylcellulose with the assistance of reverse micelles in water,
chloroform, and sodium dodecylbenzenesulfonate surfactant to form an
emulsion. After precipitation in acetone, filtration, and high temperature
carbonization, spherical structures were retained, and porous carbon
spheres can be made.*3

Direct hydrothermal synthesis from lignin g/ields heterogenous char due to
a lack of lignin solubility in neutral water.'>1” Under subcritical
hydrothermal (<300 °C) conditions, a major fraction of lignin remains
insoluble in aqueous phase and undergoes solid-state char formation while
a solubilized fraction hydrolyzes yielding phenols. These phenols
subsequently polymerize and produce polyphenol-derived hydrochar in the
form of microspheres. Additionally, hydrochar deposited on the insoluble
lignin further reduces lignin hydrolysis and solubility. Therefore,
heterogeneous char formation is inevitable. Contrastingly, hydrothermal
synthesis from lignin in aqueous alkali delivers a carbonaceous hydrochar
material that yields highly porous activated carbon after high temperature
treatment.*® So we wondered how does one synthesize less porous,
micronized carbon spheres of uniform size via minimal use of additional
reagents and unit operations?

To address the question above, we devised a one-pot solvothermal
synthesis of less porous lignin-derived carbon by strategically using the
char forming characteristics of lignin via thermally induced molecular
rearrangement (depolymerization and polymerization) inside a good
organic solvent (i.e., in absence of water). The solvent we selected here
was dimethylsulfoxide (DMSO), an excellent solvent for lignin. DMSO is
less polar than water and thus, nonpolar aromatic char did not precipitate
from the solvent immediately. This would likely help to avoid
heterogeneous char (combination of flakes, chunks, and microspheres)
formation that is common in direct hydrothermal synthesis of lignin. The
formation of the carbon sphere is also verified using coarse-grained
molecular dynamics simulations. This procedure guarantees that lignin use
IS maximized, while minimizing the need for other synthetic chemicals. To
the best of our knowledge, this is the first report on producing uniform-
sized spherical carbon from lignin without use of a copolymer, surfactant,
or catalyst but with a single organic solvent.
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Experimental

In a typical experiment, 9 g of lignin (Glucan Biorenewables, LLC) was dissolved
in 180 mL DMSO (Fischer Scientific). The solution was then poured into a 300
mL glass lined Parr reactor equipped with a safety rupture disc and needle valve.
The reactions were then carried out for 5, 10, 15, and 20 hours at 200 °C with a
Parr heater. After the reaction, the reactor was cooled and fully depressurized by
opening the needle valve. The solution was vacuum filtered, collected, and
analyzed. Any solid collected from vacuum filtration was then carbonized at 800
°C, 1200 °C, or 1600 °C for an hour in a quartz tube furnace under a nitrogen
atmosphere. If no solid was collected from a particular reaction, the reacted
solution was then vacuum dried prior to carbonization. All carbonized products
were then collected and analyzed.

Hitachi S4800 scanning electron microscope (SEM) was used for imaging lignin
carbon spheres. Image J analysis was used to measure carbon particle
diameters from the SEM images. Transmission electron microscope (TEM)
images were taken using a Fei Titan Transmission Electron Microscope
operating at 300 kV. Samples were dispersed onto a carbon film coated copper
grid before analysis. KEYENCE VHX 2000 digital microscope was used to image
solvothermally-treated lignin precipitates. Solvothermally-treated solutions were
studied by carbon and proton nuclear magnetic resonance (NMR) using reported
methods?®® with DMSO-ds at 23 °C on a Varian VNMRS 500 MHz spectrometer
operating at 499.717 MHZ for proton. Solvothermally-treated lignin particle sizes
were determined using size exclusion chromatography (SEC) in DMF with 0.05M
LiBr with a flow rate of 0.5 mL mint at 60 °C. Polyethylene oxide/polyethylene
glycol standards were used with Styragel HR 3 and HR 4 columns maintained in
a column heater compartment. The SEC system consists of a Waters 1515
Isocratic HPLC pump equipped with 2414 Refractive Index (RI) detector.
PerkinElmer Frontier instrument was used to conduct Fourier transform infrared
spectroscopy equipped with an attenuated total reflection setup (ATR). The liquid
sample was dropped on the ATR crystal window for measurement. All spectra
were collected at a scan speed of 1 cm s and resolution of 1 cm™ with 32 scans.
Baseline was subtracted and corrected prior to measurement. A
thermogravimetric analyzer (TGA Q500, TA instruments) was used to study
thermal stability. For each measurement, ca. 10 mg was used with a platinum
pan under a nitrogen atmosphere with a flow of 60 mL/min. The temperature was
first ramped to 195 °C at 10 °C/min, held for 60 mins, cooled, before ramping to
800 °C at 10 °C/min. Melting behavior of the investigated lignin solutions was
studied using a differential scanning calorimetry (DSC Q2000, TA instruments).
For each measurement, ca. 10 mg was used with a hermetic pan. Three cycles
of heating and cooling between -83 °C and 50 °C at a ramp rate of 10 °C/min
were performed. Only the second cycle was used for analysis. The rheology data
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were collected using a discovery hybrid rheometer (DHR3, TA instruments). All
measurements were performed at 25 °C with a 40 mm cone (2°0) and Peltier
plates. For X-ray diffraction patterns of carbon particles, a PANalytical Empyrean
with a Cu tube (A = 1.5405 A) was used operating at a current of 40 mA, voltage
of 45 kV, and a step size of 0.01° exposure.

LAMMPS molecular dynamics simulations were performed on a system of 5000
random lignin coils of 12 monomers each. Coarse-grained lignin beads are
shown in Figure S3.1a. The beads were connected by FENE bonds and the
inter-molecular interactions were initiated by Lennard-Jones (LJ) potential. The
red-side chains are monomers with crosslinking sites that can form networked
heterogeneous lignin. The simulations were performed with the NVE ensemble
(microcanonical ensemble) with Langevin thermostat for temperature control.
The damping constant for Langevin thermostat was kept high (damping = 10.0)
so that the solvent interactions were stronger, representing a good implicit
solvent. The choice of a good solvent in this implicit solvent simulation resulted
from the experimental condition that used DMSO as a solvent, which is a good
solvent. The NVE time-integration was done with a Lennard-Jones (LJ) time-step
of 0.01 t, where t is the reduced time defined as, t = t(em/c?)'2. Here, ¢ is the
energy well-depth of the LJ potential, m is the mass of each bead, and o is the
monomer diameter. The mass of the beads was normalized to the mass of
methylene monomer, and the temperature was normalized to Kg/e, i.e., T* =
KgsT/e. The simulations were run for 4 million LJ time steps to equilibrate after
99% crosslinking was achieved in 500,000 LJ time-steps. As can be seen from
Figure S3.1b, the total 7413 bonds were formed out of 7500 bonds as quickly as
100,000-time steps. To show that equilibrium was achieved, we calculated the
mean-square-displacement (MSD) of the backbone monomers. Figure S3.1c
shows the MSD of the backbone monomers for 1 million LJ time-steps after 4
million equilibration time. The long-time MSD shows a slope of ~ 1.0,
representing the diffusive regime. This establishes that the system was in
equilibrium. One more million time-steps were run to collect statistics for the
calculation of thermodynamic properties.

Results and Discussion

Recently, we reported an interesting structural evolution of biorefinery
liquid effluence-derived carbon from an amorphous irregular shaped mass
into perfect carbon spheres with the progress of hydrothermal
carbonization.?° Similarly, we performed solvothermal treatment of
dissolved lignin in DMSO in a Parr reactor for 5, 10, 15, and 20 hours at
200°C. Solid char yield was only observed after vacuum filtration of the 15
and 20 hours solvothermally-treated solution (T15-P and T20-P for the
solid char and T15-S and T20-S for the solution respectively). Photographs
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and optical microscope images of the solid char can be seen in Figure
S3.2. Images obtained in the scanning electron microscope (SEM) after
high temperature carbonization of T15-P, T20-P, as well as vacuum oven
dried T5-S and T10-S (T5-P and T10-P respectively), demonstrate the
evolution of the lignin into carbon spheres (Figure 3.1a-d). Irregular
structures can first be observed in the carbonized T5-P and T10-P (T5-C
and T10-C respectively). At 15 hours, fused beads can be observed with
T15-C, showing an interesting onset of sphere emergence (Figure 3.1c
insert). At 20 hours, uniformly less fused carbon beads can be observed
with T20-C, reaching their final structure.

When carbonized, T20-P has the potential for practical applications
including serving as polymer fillers or electrode carbon. When T20-P was
carbonized at 800°C, 1200°C, or 1600°C, a clear trend of increasing
structural orders can be observed with increasing carbonization
temperature (Figure 3.1e). X-ray diffraction (XRD) revealed three distinct
peaks at ~24°, ~44° and ~80°, signifying typical graphitic peaks of (002),
(100), and (110) respectively.?! As carbonization temperature increases,
XRD peaks develop and sharpen, indicating formation of higher degree of
ordered graphitic structure. A similar trend can also be observed from the
bright-field transmission electron micrographs with mesographitic domains
being developed (Figure 3.1 f-h). The crystallite structure of T-20P
carbonized at 1600°C could translate into improved electric conductivity or
mechanical strength.??

Although studying lignin solvothermal synthesis in a good solvent is novel,
prior work has been done to study lignin carbonization under solvothermal
conditions in other aqueous solvents or mixtures.2® All work previously
reported showed very little control over the char’s morphology during
solvothermal treatment and char produced were irregularly shaped much
like T5-C and T10-C.2326 A work around was recently reported that
involves first synthesizing spherical lignin particles by first dissolving lignin
in a good solvent then slowly adding in an antisolvent?’-28 with stirring and
heating. After drying, spherical lignin particles can be transferred to a
hydrothermal reactor for char synthesis.?® This method does not require
any copolymer, catalyst, or surfactant but can only produce highly
polydisperse non-uniform lignin char spheres. Very brittle lignin spheres
obtained after solvent precipitation do not hold their shape during
processing and hydrothermal carbonization. The report, however, suggests
hydrothermal conditioning at temperature above 230°C can yield spherical
carbon and prolonged treatment yields larger spheres. In this study, all
lignin readily dissolves in a single good solvent, DMSO, and with sufficient
polymerization time, condensed structure formed here would nucleate and
precipitate out of solution in a similar fashion as carbohydrate-derived
carbon spheres?° described by the LaMer model,®°® thus, giving lignin char
a very well-defined and uniform spherical shape. For T5-S and T10-S,
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Figure 3.1. Scanning electron micrographs of carbon derived from
solvothermally-treated lignin for a) 5 hours, b) 10 hours, ¢) 15 hours, and d) 20
hours at 200°C. Inset image in (c) shows the emergence of spherical char (scale
bar in c) inset image is 5um). (e) X-ray diffractograms of 20 hours
solvothermally-treated lignin carbonized at 800°C, 1200°C, and 1600°C show
increase in (002) peak intensity with increase in temperature. Transmission
electron micrographs of the surfaces of 20 hours solvothermally-treated lignin
carbonized at f) 800°C, g) 1200°C, and h) 1600°C.
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much like carbohydrate hydrothermal carbonization kinetics,?® spherical
equilibrium shape was not reached, yielding irregularly shaped carbon.

The evolution of carbon beads from lignin in good solvents is further
corroborated by coarse-grained (CG) molecular dynamics (MD)
simulations. The simulated structures at different simulation time-steps are
shown in Figure 3.2. The simulations are performed on 5000 uncrossllnked
lignin molecules of 12 monomeric units in a cube of 80x80x80 &* as shown
in Figure 3.2a, where c is the monomer diameter. We used Kremer-Grest
bead-spring model®™ to design the polymer chains (Figure $3.1(a)), in
which the polymer chains are connected by Finite Extensible Non-linear
Elastic (FENE) bonds. The nonbonded interactions are modelled by
Lennard-Jones interactions. The cross-linking of 12-mer lignin molecules is
performed by creating bonds between crosslinking agents when they
approach a bond distance of 1.3s. Crosslinking agents are modelled as
side-chains of the CG 12-mer molecules (Figure S3.1(a)). Once a bond
between two side-chain agents is formed, crosslinking is considered
successful. 97% crosslinking is achieved within half million Lennard-Jones
(LJ) time-steps (Figure S1(b). The crosslinked lignin structures start
forming beads within 1 million time-steps as shown in Figure 3.2b. Figure
3.2c-e show structures at 3 and 4 million LJ time-steps. As can be seen the
structures are mostly spherical in shape and about the same size. The
equilibrium is achieved within 4 million time-steps. We confirm the
equilibration by observing the mean-square-displacement (MSD) of the
monomers (Figure S3.1(d). MSD shows long-time diffusive regime (slope ~
1.0), representation of a fully equilibrated system. The statistical properties
are calculated from 1 million more LJ time-step after equilibration. The
radial distribution function in Figure 3.2f shows equally spaced peaks,
representing layered monomers inside the spherical shaped structures.
The quickly formed spherical structures in good solvents corroborates the
experimental finding that these structures can be formed easily in a good
solvent. The structures are formed due to strong van der Waals
interactions between monomers.

A noticeable viscosity change in thermally treated solutions was observed.
When we quantified the observation under a rheometer (Figure 3.3a-b),
viscosity and shear stress both increased with 5 hours of solvothermal
treatment in T5-S. Within the first 5 hours, lignin can be thermally reacted,
rearranged, and polymerized into a more stable networked structure,
leading to a higher viscosity and stress. Afterwards, viscosity and shear
stress of T10-S, T15-S, and T20-S decreased continuously with the
increasing solvothermal reaction time. The reduction in viscosity can be
explained by the formation of granular structure from the solvated
networked lignin macromolecule and likely some degree of precipitation of
the less polar condensed char. Since significant precipitation was not
observed after filtration of T10 samples, very likely the partially crosslinked
gel of polyphenol precursor fell through the filter paper. The polymerization
of lignin that enhances networked structures |n solution was apparent from
slight shear thinning behaviour (at 10 — 30 s shear rate region) of the
solution after 5 hours solvothermal conditioning.
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Figure 3.2. Coarse-grained molecular dynamics simulations showing evolution
of spherical carbon beads from lignin. a) Initial simulation setup of 12-mer lignin
molecules in a cubic box. Evolution of crosslinked lignin structures evolution for
b) 1 million, ¢) 3 million, and d) 4 million LJ time-steps. e) Color representation
of d) clearly visualizes the spherical structures. f) Radial distribution function of
layered monomers inside the spherical shaped structures.
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To further understand the solute-solvent interactions, we turned to the
thermal characteristics of TO-S to T20-S using differential scanning
calorimetry (DSC). Any changes in solvent-solute interaction strength
should be captured by the tendency for the solution to crystallize and thus
change its melting point. We also surmise that the liquified lignin fraction,
obtained after prolonged solvothermal treatment, contaminated the solvent
and dramatically lowered the freezing point of DMSO. DMSO shows the
highest and sharpest melting point at ca. 17 °C. After lignin addition, TO-S
had a lowered melting point at ca. 13 °C. The strengthened solute-solvent
interaction with T5-S further reduced the melting point to ca. 5 °C (Figure
3.3c), agreeing with the rheology result. Interestingly, the melting point
continued to drop and broaden with increasing solvothermal reaction time.
The broadening is likely due to the diverse lignin reaction soluble products,
yielding different interactions with solvent. With the long solvothermal
treatment, these products have an overall increase in solute solvent
interaction. Surprisingly for T15-S and T20-S, no freezing point can be
observed. This led us to believe that only dissolvable lignin fragments were
left after vacuum filtration, which were able to interact strongly and
intercalate within the solvent and completely prevented the solution from
crystalizing. We also recognize that possible DMSO decomposition could

lead to a reduction in the melting behaviour of the solvent. To deconvolute
the two, we conducted further DSC and FTIR experiments (Figure S3.3).
The drop and eventual disappearance of melting for T10-S, T15-S, and
T20-S however, did not explain the drop in their viscosity and shear stress.
Perhaps, lignin pyrolyzed oligomers remained soluble in DMSO, plasticized
the solvent, and prevented freezing of the miscible solution.

To further investigate the presence of dissolvable lignin fragments as well
as the onset of highly crosslinked char precipitation, size exclusion
chromatography (SEC) was carried out for all solvothermally-treated
solutions (Figure 3.3d). Based on the chromatograms and patrticle sizes,
we confirmed that after 5 hours of solvothermal reaction, significant
polymerization took place and a fraction of T5-S molecular weight (MW)
Increased. Bimodal distributed peaks were observed, originating from lignin
fragments and the polymerized products. T10-S has a very similar
chromatogram as T5-S but small shifts in peaks indicate a small decrease
in MW. Beyond 10 hours, MW of T15-S and T20-S decreased continuously
with only single distinct peaks consistent with the precipitation of char.
Unfortunately, because of the low MW nature of the lignin and the
solvothermally-reacted products, all chromatograms overlapped with the
region after ca. 53 mins consisting of solvents and dissolved liquified
organics and gasses. It is not reliable to integrate the chromatograms to
obtain any weight or number average MW and polydispersity index. The
peak MW (Mp) however, can still be identified.

In this system, fragmentation and polymerization of lignin take place
simultaneously. To further understand the degree of fragmentation versus
polymerization, all dried and precipitated solids, TO-P — T20-P, were
studied with thermogravimetric analysis (TGA) as shown in Figure 3.3e and
S4. Lignin fragmentation should result in a drop in thermal stability. On the
contrary, polymerization of lignin fragments should result in a rise in
thermal stability.®* The TGA data show a continuous decrease of thermal
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stability from TO-P, T5-P, to T10-P, indicating the dominance of lignin
fragmentation into smaller molecules. For T15-P and T20-P, which only
consist of the precipitated polymerized solid char, thermal stability
increased continuously reflecting the higher degree of crosslinking and
stabilization.3!

Lignin fragmentation and continuous crosslinking into char observed thus
far agreed perfectly with reported literature on hydrothermal treatment.?3 32
Specifically, it was reported that aromatic aldehydes, organic acids,
phenolics, methane, and other gases can first be formed from degradation
and fragmentation of mainly alkyl and methoxy units on lignin via reactive
ether, C-C, and possibly C-OMe linkages.?® The production of gases was
noted with a rise in reactor pressure after solvothermal reaction. Next,
these smaller phenolics, hydrocarbons, and residual lignin can condense
and polymerize into higher molecular weight oligomers and char.?32¢ Unlike
the reactive functional groups, the lignin aromatic structures are hisghly
stable during solvothermal conditions and are generally retained.?® 33-3%

To elucidate lignin char evolution chemically, Fourier-transform infrared
spectroscopy (FTIR) and nuclear magnetic resonance (NMR) were used to
analyse all solvothermally-treated solutions (Figure 3.4-3.5 and S3.5-3.13).
Although lignin and its derived products were not known to give clear FTIR
or NMR spectra due to their structural complexity and multifunctionality, a
few trends were observed that were in confirmation with the previous
Studies.23' 25-26, 36

From FTIR, it is evident that ca. 850-970 cm™! peaks are shifting and
weakening, signifying a possible dealkylation and rearrangement of
alkenes (C-H) especially in the T15-S and T20-S samples. All changes
observed from the FTIR described here are very prominent with T15-S and
T20-S due to the precipitation of char at ca. 10 hours. Next, the
condensation of (C-O) ethers and esters can be observed from the
increase at ca. 1200 cm™. The breaking of methoxy groups on the
guaiacylpropane units and the syringyl propane units of lignin can be seen
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Figure 3.4. Fourier-transform infrared spectroscopy of solvothermally-treated
solution.
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from shifts at ca. 1300 cm™. Peaks from ca. 1450 cm*and ca. 1550-1750
cm™signal the rearrangement in (C-C) and (C-H) and aromatic rings,
respectively. Changing of CH2 and CHs due to the dealkylation from lignin
and repolymerization can be seen from peaks between ca. 2800-3000 cm”
1. The large peaks at ca. 3450 cmtindicate a change in (-OH) hydroxyl
groups, possibly due to the breaking of primary alcohols and acids from
lignin.

To study functional groups and char evolution more robustly, we turned to
NMR (Figure 3.5 and S3.5-S3.13). Spectra from TO-S to T10-S were first
analysed. Some common lignin substructures can be seen in Figure 3.6.
Similar to what was observed in the FTIR, it was immediately apparent that
T20-S and T15-S spectra were quite different from T10-S, T5-S, and TO-S
spectra.

When studied in detail, it was observed that the B-O-4 linkages are highly
thermally sensitive ether bonds, especially when they are adjacent to ring
structures, due to resonance effects.3’ As observed in the carbon NMR,
between ca. 77-90 ppm, peaks all faded into the baseline with T5-S and

T10-S, which is expected from the ethers breaking (Figure S3.7). Similarly,
the broad group of peaks centered at ca. 71.5 ppm in the TO-S sample are
greatly decreased in the T5-S sample, which in turn shows the appearance
of a broad group of peaks centered at ca. 76 ppm and a sharper peak ca.
67.5 ppm, possibly indicating changes in the bonding environments of the
various C-a-O linkages. The cluster at 76 ppm in the T5-S sample
decreases and widens into many other smaller peaks in the T10-S sample,
showing the rearrangement of the dynamic aliphatic ether bonds and
possibly even secondary hydroxyl groups. Additionally, lignin alkyl bonds
like CB-B’ and CB-5’ are relatively weak. When hydrolyzed and rearranged
as seen in the weakening and shifting at ca. 54 ppm, they create aromatic
aldehydes.?® It has been observed that at higher temperatures, methoxy

OCH;

Figure 3.6. Lignin substructures of a) 8-O-4’, b) 5-B’ (resinol structure), and c)
B-5 (phenylcoumaran structure)
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groups on lignin can be degraded from the guaiacylpropane and syringyl
propane units forming phenolics.?® With the low experimental temperature,
although mild, a similar trend was still observed as shown in the weakening
of a tall strong peak at ca. 55.5 ppm (Figure S3.6) and the region at ca.
3.2-4.2 ppm with proton NMR (Figure S3.13). Methoxy breakage and
dealkylation of lignin®® can result in the development and widening of
carbon NMR peaks between ca. 10-20 ppm (Figure S3.5). Between ca. 20
ppm until the DMSO peak at ca. 40 ppm, peak shifts were observed,
signalling the possible alkylation and rearrangement of lignin aliphatic
chains.?® Coinciding with the carbon NMR, rearrangement of lignin aliphatic
region can also be seen with a weakening of peaks between ca. 0.5-1.5
ppm and a development of peaks between ca. 1.5-2.4 ppm from the proton
NMR (Figure S3.10).

In general, lignin branching can be approximated by studying the aromatic
region of the carbon NMR. Peaks between ca. 120-142 ppm (Figure S3.8)
are more typically attributed to functionalized branched lignin aromatic
carbons of the type Car-C. Peaks between ca. 102-125 ppm are more
typically attributed to unbranched lignin aromatic carbons of the type Car-H.
As solvothermal reaction progresses, lignin and its fragments continue to
repolymerize and crosslink, with a decrease in the fraction of Car-H type
carbons relative to Car-C type (branching) carbons, confirming the findings
from rheology and SEC. Similar to the carbon NMR, an obvious decrease
in Har between ca. 5.5-7.8 ppm can be seen from the proton NMR (Figure
S3.11), confirming the crosslinking of lignin aromatic rings. Peaks between
ca. 142-160 ppm in the carbon NMR are believed to be Car-O which can be
branched, e.g. ether, or unbranched in the context of polymerization, e.g.
alcohol, and thus are discarded from the degree of lignin branching
discussion.

After the onset of char precipitation for T15-S and T20-S, the residue
molecules left in solution are believed to be the unreacted aldehydes,
organic acids, and phenolics from lignin fragmentations. The smaller
molecules gave many sharper peaks especially in the aliphatic region
between ca. 10-37 ppm, methoxy groups at ca. 54-58 ppm, primary
alcohols at ca. 57-65 ppm, secondary alcohols and ethers at 65-90 ppm,
aromatics at ca. 102-162 ppm, and carbonyls at 162-205 ppm (Figure 3.5).
Similar trends can also be observed with the proton T15-S and T20-S NMR
spectra especially in the aliphatic region between ca. 0.2-2.6 ppm and
alcohol and methoxy groups between ca. 2.6-4.6 ppm (Figure 3.5).

Conclusions

Here, we presented a facile way to prepare lignin-derived carbon spheres
without the need of multiphase systems, polymeric surfactants,
copolymers, and complex preparation procedures. By carefully utilizing
lignin’s dynamic bonds and completely dissolving it in DM SO, a good lignin
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solvent, we have created uniform and spherical carbon from this highly
underutilized industrial effluence with a solvothermal process at low
temperature. Lignin-derived sphere evolution was observed by SEM. A
similar trend of quick spherical structure formation was also confirmed by
coarse-grained MD simulations. Under solvothermal condition, lignin
continues to degrade into fragments. Simultaneously, residue lignin and its
fragments polymerize and condense into highly crosslinked structures
eventually precipitating out of solution following the LaMer model into
spherical char. Precipitation started at ca. 10 hours of solvothermal
reaction, but equilibrium uniform spherical carbon was only observed with
20 hours of solvothermal reaction. This work presented a much-improved
strategy of manufacturing lignin-derived carbon spheres potentially
impacting many industries.
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Figure S3.1. MD simulation analysis. a) Coarse-grained lignin beads represented
in the FENE model. The gray beads are the backbone of lignin, and the red beads
are crosslinking sites. b) Crosslinked bond formation as a function of time. As can
be seen the lignin monomers crosslinks very quickly. c) Mean-square-
displacement of the backbone as a function of time. The slope ~ 1.0 at long time
shows diffusive regime representing the system is under equilibrium.
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Figure S3.2. Photographs of solvothermally-treated lignin precipitate for a) 20 hours
and b) 15 hours. Optical microscope images of solvothermally-treated lignin
precipitate for ¢) 20 hours and d) 15 hours.

Under the experimental conditions, we believe a minority, in the range of a single
digit percentage, of DMSO solvent could be decomposed into dimethyl sulfide
(DMS), dimethyl disulfide (DMDS), and bis(methylthio)methane (BMTM).! We
repeated the experiment without lignin and analyzed DMSO degradation with
FTIR and DSC (Figure S3.3). During solvothermal condition, peaks developed at
ca. 3100-3200 cm™, ca. 1600-1700 cm?, ca. 1400 cm?, ca. 1000 cm?, ca. 600
cm?, and ca. 200 cm. These peaks are characteristics of DMS, DMDS, and
BMTM. Because of their lower freezing points, e.g. -98°C for DMS, we see a
drop in the freezing of solvent up till the ca. 10 hours of solvothermal treatment.
DMSO degradation might have approached equilibrium at this point, affecting the
freezing point minimally. This experiment verified that the changes in solvent
freezing behavior as shown in the manuscript was indeed due to lignin.
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Figure S3.3. a) FTIR and b) DSC of DMSO degradation products.
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Figure S3.4. Physical characterization of all solvothermally-treated lignin solutions by

thermogravimetric analysis.
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Figure S3.5. 3C NMR spectra of the aliphatic region (10-40 ppm) of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.6. '3C NMR spectra of the region between ca. 52-61 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment
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Figure S3.7. 3*C NMR spectra of the region between ca. 67-89 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.8. '3C NMR spectra of the region between ca. 100-160 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.

119



i
i | o

T10-5 | |

..-\__"""l"‘"_l--\.-.n'-\.""ﬂ-.-""".." T A ey e "..-,'-'\-"'-ll-".l'-'ﬂ."l.'.'-"'r.'. ."I'-‘M Uil j"""' i I.—.-"I'I'. '\.:'...-'\-":.'\-.'-"‘-.a. w-;‘w-"'"-'q.'__‘”--'-.-\-\."l-""'.-ﬁ"'h""- e el

| e
b

i j

o TP T R
3 . . Aa g LS T e
B g M e e il e

K
s repilbh 1 ey 5 o
fosh W -.-_-\_-\.'-'.--\.---'\-"'-"l' FOF P

en Tea i v 19 Tes Tea Teo
(Ppm,

Figure S3.9. 3C NMR spectra of the region between ca. 160-190 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.10. Proton NMR spectra for the region between ca. 0.5-2.4 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.11. Proton NMR spectra for the region between ca. 5.8-9.8 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.12. Proton NMR spectra for the region between ca. 9.45-10 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.
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Figure S3.13. Proton NMR spectra for the region between ca. 3-4.2 ppm of
solvothermally-treated lignin solutions with 0, 5, and 10 hours of treatment.

1. Gaylord Chemical Company, L. L. C. Dimethyl Sulfoxide Physical
Properties; Bulletin 101, 2014.
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CHAPTER IV: SYNTHESIZING LIGNIN-DERIVED CARBON
NANOSPHERES AND THEIR APPLICATION IN POLYMER
COMPOSITES
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preparing the manuscript. H.H. synthesized all materials and performed and
analyzed all experimental data. N.N. assisted in the rheology studies. H.M.
assisted in collecting the X-ray photoelectron spectroscopy data.

Abstract

Due to greater sustainability concerns, the development of renewable materials
such as carbonized lignin has gained great importance. However, finding simple
methods to produce free-flowing carbon particles from lignin with controlled
morphology remains a challenge. To address this challenge, in this study, we
explore nanoprecipitation of lignin via dialysis followed by hydrothermal treatment
as a superior stabilization route. First, nanoprecipitation from dialysis produced
spherical lignin nanoparticles. After conventional thermal or hydrothermal
stabilization and carbonization, lignin-derived carbon nanospheres were
produced. Compared to thermally stabilized lignin particles, hydrothermally
stabilized particles released less volatiles during carbonization, leading to fewer
defects and less porosity in the resulting carbon. Hydrothermally processed
nanospherical carbon from lignin also exhibits improved adhesion and reinforcing
effect with a styrene-butadiene rubber matrix.

Introduction

As an underutilized industrial byproduct,’ Kraft lignin is an attractive feedstock for
renewable material research and development.?2 One major area of research has
been lignin-derived carbon.® Carbon is an important commodity with a wide
range of applications including water filtration, energy storage, colorant,
composite reinforcement, etc. Spherical carbon particles, specifically, can be
used as scaffolds, templates, capsules, fillers, and pigments.4’ One facile way of
producing carbonized lignin is the direct pyrolysis of lignin. However, such a
method provides little control over carbonized lignin’s morphology.? The
morphology of the particles includes size and shape along with short- and long-
range order in the carbon. To produce spherical carbonized lignin particles, more
intricate methods which include additional steps and chemicals like surfactants,
templates, and scaffolds, are thus often required.®"

In the area of polymer research, nanoprecipitation is a simple and common
method to produce polymer nanospheres.'>'* Using dialysis tubes,
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nanoprecipitation of polymers can be carried out.' Briefly, nanoprecipitation
involves the precipitation of polymer nanospheres as an anti-solvent slowly
diffuses into a dialysis tube containing the polymer dissolved in a good solvent.
Zhang et al. showed that the production of polymer nanospheres using dialysis
precipitation follows a nucleation-aggregation mechanism.'? As the anti-solvent
diffuses into the dialysis membrane, the polymer nucleates. As nucleation
continues, the nucleus could encounter one another, forming aggregates, and
eventually precipitating.

In lignin-derived carbon production, stabilization is often the first step.
Hydrothermal treatment (HT) of lignin is a common stabilization method which
involves heating lignin in a superheated water suspension without requiring prior
lignin dewatering.’® Lignin, a highly branched aromatic macromolecule, contains
thermally unstable aromatic side chains that are cleaved during HT.'® Weak B-O-
4 ether bonds could be cleaved to form phenoxy and alkyl aromatic radicals.®
Ca«—Cp can be hydrolyzed, creating aromatic aldehydes.'” After additional
oxidation, these aldehydes can be transformed into their corresponding acids.’®
Next, methoxy groups can also be degraded from lignin, creating phenolics."”

Whereas many side groups are reactive, the aromatic rings are generally stable
under HT. Alkylation can form alkyl phenols. At high temperatures, these
aliphatic side chains are reactive and can crosslink with other phenolics.’
Phenolic polymers can form through polymerization, and its yield increases with
temperature.® The polymerized phenolics would prefer depositing onto
undissolved lignin to nucleation out of solution.® As a result, the morphology of
hydrothermally stabilized lignin can resemble its precursor’s morphology.?° We
hypothesize that the degradation of lignin side chains and crosslinking of
phenolics of stabilized lignin can be beneficial for producing lignin-derived carbon
particles for polymer composite application. Degradation of lignin side chains
during HT lowers the amount of volatiles evolved during carbonization, resulting
in decreased porosity?? and increased mechanical stiffness?? in the final carbon
particles.

Among the plethora of lignin-derived carbon research, applications in energy
storage, gas adsorption, water filtration, and among others have gathered strong
momentum.3 2425 By comparison, lignin-derived carbon particles for polymer
composite application have received little attention. This work aims to investigate
the potentials of producing lignin-derived carbon nanospheres for polymer
composite application through the combination of nanoprecipitation and HT. The
study also compares the results on carbon structures produced via commonly
adopted stabilization methods in air and nitrogen. This work is the first attempt in
combining nanoprecipitation and HT for the synthesis of lignin-derived carbon
particles for polymer composite application.
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Results and Discussion

Lignin-derived nano-spherical carbon particle precursors were easily synthesized
by nanoprecipitation. Lignin was first dissolved into acetone, a good solvent, prior
to the slow addition of an anti-solvent, water, across a dialysis bag to precipitate
lignin nanospheres (Figure 4.1). Upon dialysis, the lignin spheres were first
stabilized in air at 240°C for 3 hours and then subsequently further stabilized for
another 3 hours at 240°C either in air, or nitrogen, or HT with the headspace
purged with air prior to the start of the reaction, or HT with the headspace purged
with nitrogen prior to the start of the reaction. The stabilized lignin spheres are
referred to as S-Air, S-N, S-HTCAIr, and S-HTCN, respectively. After
carbonization at 1000°C, these samples will be referred to as C-Air, C-N, C-
HTCAIr, and C-HTCN respectively.

Lignin nanospheres produced from dialysis have diameters of 0.72 £ 0.41 ym
(Table 4.1). After stabilization with different methods and carbonization, their
diameters became 0.71 £ 0.38 ym, 0.72 £ 0.27 pm, 0.83 £ 0.21 um, 0.71 £ 0.29
pm for C-Air, C-N, C-HTCAIr, and C-HTCN, respectively. The lowering of sphere

Figure 4.1. Scanning electron images of a) lignin precipitates from dialysis, b)
stabilized lignin in air, c) stabilized lignin in hydrothermal condition with the
headspace filled with air prior to the start of the reaction, d) stabilized lignin in
nitrogen, and e) stabilized lignin in hydrothermal condition with the headspace
purged with nitrogen prior to the start of the reaction.
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Table 4.1. The diameters of the lignin precipitates from dialysis and lignin-
derived carbon nanosphere particles.

Lignin
precipitates
from dialysis C-Air C-HTCAIr C-N C-HTCN
Diameter
(um) 0.72+0.41 0.71+0.38 0.83+0.21 0.72+0.27 0.71+0.29

diameters was expected from the stabilization and carbonization steps.?®
However, it was not apparent in this study. Although the sizes of the carbonized
lignin spheres were largely the same across different stabilization methods, it
was interesting to see C-HTCN spheres being fused to a small degree. We
speculate the fusion of the spheres was due to 1) the plasticizing effect of water
during HT?7-28 and 2) the slower stabilization kinetics of lignin in an anaerobic
environment.?® Bouajila et al. showed that with ca. 30% molar concentration of
water, Kraft lignin’s Tg may be reduced by ca. 50%.2% Secondly, Norberg et al.
showed that the stabilization time for softwood lignin could take twice as long in
an inert environment than in an oxidative environment.?® Future work involving a
well-controlled experiment to ensure the complete absence of dissolved oxygen
in the hydrothermal solution would be needed to quantitatively determine the
effect of the two factors on the stabilization kinetics of lignin.

Upon carbonization, all carbonized lignin samples were dispersed in styrene-
butadiene rubber (SBR) matrix with very low concentration (3 wt.%) to form
composites. Typically, the strength of carbon-polymer interaction can be
recorded by the increase of the polymer’s T4.%° Differential scanning calorimetry
(DSC) was used to study the composites (Figure 4.2a); however, because of the
broad thermal transitions, it is difficult to directly determine differences in the
reinforcing effects of the carbon samples with the SBR matrix. The broad Tgcan
be caused by the polydispersity of SBR and the wide range of polymer-carbon
interaction strength. The polymer closest to the carbon surface is tightly bound
and is the stiffest.3! As the separation distance between polymer chains and
carbon increases, polymers will be less tightly bound and have higher mobility.3?
Therefore, analyzing the reinforcing effects of the four carbon samples remains
inconclusive based on the DSC data. However, the rheological properties of the
SBR composites could provide more insights into interactions of the carbon
particles with the rubber matrix.
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Figure 4.2. a) Differential scanning calorimetry, b) viscosity vs. shear rate, c) shear
stress vs. shear rate, and d) expanded shear stress vs. shear rate of the lignin-
derived carbon nanosphere particles and styrene-butadiene rubber composites.
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From Figure 4.2 b-d, all carbon samples increased the viscosity and shear stress
of the SBR matrix. The two carbon samples obtained via hydrothermal
stabilization gave very similar shear viscosity. Surprisingly, the two samples
stabilized under air and nitrogen also gave very similar rheological properties.
The hydrothermally stabilized carbon containing SBR samples have a higher
viscosity than the samples containing carbon produced via stabilization in air and
nitrogen. As expected, the neat SBR exhibits the lowest viscosity and shear
stress. This trend suggests that when compared to the stabilization of lignin in air
or nitrogen, lignin-derived carbon nanosphere particles formed by HT have
stronger stiffening effects with the SBR matrix. Chemical and physical
interactions between the two phases determine the strength of their interfacial
activities.®® In order to understand the causes of the stronger adhesion of C-
HTCAIr and C-HTCN with SBR, the interactions between carbon and SBR was
further studied.

In terms of chemical interaction, the surface chemistry of the carbon will be of
great importance in determining its adhesion with SBR.3¢ As such, the carbon’s
surface functionality was studied using X-ray photoelectron spectroscopy (XPS).
(Table S4.1) XPS results showed that all carbon samples were similar except for
C-air containing that highest amount of oxygen-containing polar functionalities
with ca. 6.3% surface oxygen content. C-N, C-HTCAIr, and C-HTCN are very
similar with ca. 4.7-4.9% of surface oxygen. Because SBR is a non-polar rubber,
the polar oxygen functionality on C-air will lead to a poor hydrophobic interaction
with the SBR matrix, which agreed with the rheology results. XPS alone,
however, did not explain why C-N has a poorer interaction with the SBR matrix
when compared to the hydrothermally stabilized samples. For this, we turned to
the physical interaction of the composites.

In terms of physical interaction, the surface morphology and porosity of the
carbon will be vital in determining its interfacial properties with the matrix
material.®® In the carbon-polymer composite industry, it has been established that
carbon black with a higher surface area due to its smaller size gives a stronger
mechanical interlocking with the matrix material.32 Carbon black with smaller
sizes provides a higher external surface area for the polymer matrix to interact,
leading to a stronger physical interaction.3” Having a high surface area is also a
reason that nanomaterials like carbon nanotubes gaining significant attention in
polymer composite research.3® From the rheology results, it was expected that C-
HTCAIir and C-HTCN would have a rougher surface and higher surface area than
C-Air and C-N. However, in the micrometer scale as observed under the SEM, all
carbon displayed a relatively smooth surface with no significant observable
difference in terms of surface roughness. Furthermore, the fused spheres of C-
HTCN even seem to have limited its available surface area for the SBR matrix to
adhere. To further quantify the surface area and porosity of the carbon, nitrogen
adsorption-desorption experiments were carried out (Figure 4.3).
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Figure 4.3. a) The compiled surface area and pore volume, b) isotherms, and c)
pore size distributions from nitrogen adsorption-desorption experiments of the
lignin-derived carbon nanosphere particles.
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From Figure 4.3a, C-N has a ca. 20% higher surface area than C-HTCAIir and C-
HTCN samples. This inverse correlation between surface area and carbon-
rubber interaction strength could be opposite to conventional belief.3” In fact, the
inverse correlation between surface area and the rheology data applies to all
carbon samples. Further analysis of the pore size distribution revealed that the
porosity in the carbon produced is largely microporous, as can be seen from the
typical type | isotherms (Figure 4.3 b-c). For the nitrogen adsorption-desorption
experiments, ca. 0.85 nm pore width was the lower limit of the pore size
measurement. In addition, ca. 60% of all measurable pores on the carbon
samples are smaller than the lower measurable limit. We speculate some of
these micropores produced here are internal pores with a possible networked
structure originated from volatile evolution during carbonization. The abundant
internal pores rather than the external surface area would have limited interaction
with the viscous SBR matrix in this study. Microporosity, besides, could also be a
source of defects which affects the microstructure of the carbon, reducing its
mechanical strength.3> Porosity could, however, be used to understand the
mechanism of lignin stabilization under different environments further.

Pore developments on lignin-derived carbon can be expected from the
carbonization step.?? During carbonization, lignin is known to give out volatiles,
leaving behind pores.? It has been shown that the oxygen content of a carbon
precursor can be a good indication of the carbon’s porosity.3® Oxygen-containing
volatiles like CO2 and H20 are also known to be activating agents, edging along
the walls of the stabilized lignin samples during carbonization, creating porosity.*°
Therefore, the oxygen contents of the stabilized samples were analyzed. As
expected, their oxygen contents directly correlated with their derived carbon’s
surface area and pore volume (Table 4.2). It was apparent that the effect of HT
slightly suppressed the oxygen content on the stabilized lignin. This can be
expected from the greater degree of oxygen-containing lignin side chain
breakages under HT.'” Furthermore, because of the lack of oxygen, lignin
nanospheres stabilized in nitrogen environment had lower oxygen content than
their counterparts stabilized in air.?°

In parallel, thermal gravimetric analysis (TGA) was carried out for the stabilized
samples (Figure 4.4). TGA results further supported the greater amount of
volatile evolution with C-Air and C-N when compared with C-HTCAIir and C-
HTCN. The yields of the carbonized lignin spheres followed the same trends as
their surface area and the oxygen contents of the stabilized lignin. Finally, the
early weight loss of S-HTCAIir and S-HTCN as recorded from the TGA was likely
due to the early volatilization of small molecules originated from the broken lignin
side chains during HT.6-17
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Table 4.2. The oxygen contents of the stabilized lignin.

S-Air S-HTCAIr S-N S-HTCN
O (%) 34.85<0.64 3012 £ 2.15 3356+ 051 3054+0.84
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Figure 4.4. Thermal gravimetric analysis of the stabilized lignin.
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Conclusions

We have produced spherical lignin-derived nanoparticles from the combined use
of dialysis and hydrothermal stabilization. Using nanoprecipitation from dialysis,
lignin nanospheres were produced. With the subsequent hydrothermal
stabilization step, the need for dewatering of lignin nanospheres from dialysis
could potentially be eliminated. Oxygen analysis and thermogravimetric analysis
of the stabilized materials revealed that hydrothermal stabilization of lignin
released less volatiles and gave higher yields during carbonization. Nitrogen
adsorption-desorption experiments supported the observation by measuring a
smaller surface area and pore volume on the carbon nanospheres stabilized
hydrothermally when compared to the carbon produced via stabilization in air or
nitrogen. Pore size distribution showed that ca. 60% of all pores measured from
the carbon samples were smaller than ca. 0.85 nm in diameter. The less porous
surface leads to less defect and an improved reinforcing effects for the
hydrothermally stabilized carbon nanosphere particles when loaded into a
styrene-butadiene rubber matrix. As a reinforced SBR composite, the carbon
nano-spherical particles produced from hydrothermal stabilization have a higher
viscosity and shear stress measured by the rheometer. This report involving the
combined use of nanoprecipitation and hydrothermal stabilization as a potential
tool for the synthesis of lignin-derived carbon particles exhibits new promise for
lignin-derived carbon’s use in polymer composite application.

Methodology

Preparation of Nanosized-Lignin-Derived Carbon Sphere Particles

2% of lignin, a softwood Kraft Lignin from Kruger Wayagamack Inc., was first
dissolved in acetone (Fischer Scientific), a good lignin solvent. Lignin acetone
solution was then placed in a dialysis bag and stirred in a large amount of RO
water overnight. Lignin precipitates in water were then collected and dried with a
centrifuge and vacuum. The nanosized-lignin-precipitates were then first
stabilized in air at 240 °C for 3 hours with a ramp rate of 0.1 °C/min.
Subsequently, they were either stabilized in air, or nitrogen, or HT with the
headspace filled with air prior to the start of the reaction, or HT with the
headspace purged with nitrogen prior to the start of the reaction. All hydrothermal
reactions were carried out in a 300 ml glass-lined Parr reactor equipped with a
safety rupture disc and needle valve with a fill rate of 60%. After HT, stabilized
lignin was dried under vacuum. All stabilized lignin was then placed in a tube
furnace and ramped to 1000°C in an hour and carbonized for an hour in a
nitrogen atmosphere.
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Preparation of Carbon-Polymer Composites

A masterbatch of styrene-butadiene rubber (SBR, Sartomer) was blended with
3% of various carbon nanosphere particles with a Silverson high shear mixer for
the preparation of composites.

Characterization

Scanning electron microscope (SEM) images were collected with a Hitachi
S4800 accelerated at 10kV. Image J software was used to measure the carbon
nanosphere particle diameters. For each sample, the sphere diameters were
averaged with at least 100 spheres chosen at random, and the standard
deviations were calculated. Thermogravimetric analysis was done with an
SDT650, TA instruments. Ca. 10 mg of sample was used for each run.
Temperature was ramped to 1000 °C in an hour in a nitrogen atmosphere.
Oxygen analysis was conducted by Galbraith Laboratories Inc., Knoxville, TN,
with a Thermo Finnigan FlashEA™ 1112 Elemental Analyzer (Oxygen
Modification).

Surface area and pore volume were obtained from nitrogen adsorption-
desorption experiments using a Quantachrome Autosorb iQ at 77 K. Surface
area was obtained by using the Brunauer—Emmett—Teller (BET) model. Pore size
distribution and pore volume were determined using the nonlocal density
functional theory (NLDFT).%8 For differential scanning calorimetry measurement,
ca. 4 mg of each sample was used in a hermetic pan with a DSC Q2000, TA
instruments. Samples were heated and cooled for three cycles between -80 °C
and 0 °C at a ramp rate of 2 °C/min. Analysis was done with the data obtained
from the second cycle data. Rheology experiments were performed using a
discovery hybrid rheometer (DHR3, TA instruments).

Measurements were done at 25 °C with a 40 mm parallel and Peltier plates. X-
ray photoelectron spectroscopy (XPS) was performed with a Thermo Scientific
Model K-Alpha XPS Instrument. The instrument uses micro-focused,
monochromatic Al Ka X-rays (1486.6 eV) that can be focused on a range of spot
sizes from 30 to 400 microns. Analyses of most samples are typically conducted
with a 400 um X-ray spot size for maximum signal and to obtain an average
surface composition over the largest possible area. The instrument uses a
hemispherical electron energy analyzer equipped with a 128 multi-channel
electron detection system. Base pressure in the analysis chamber is typically 2 x
10° mbar or lower. Samples for this study were mounted using double-sided
tape fixed to clean glass slides. Wide energy range survey spectra (0-1350 eV)
were acquired for qualitative and quantitative analysis (pass energy=200 eV, step
size=1.0 eV). Assessment of chemical bonding of the identified elements was
accomplished by collecting core level spectra over a narrow energy range (pass
energy=50 eV, step size=0.1 eV). Because the samples were mounted on
insulating glass sides, a charge compensation system consisting of both low
energy Ar-ions and low energy electrons was employed. The typical pressure in
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the analysis chamber with charge compensation system operating is 2 x 10"
"mbar. Data were collected and processed using the Thermo Scientific
Avantage XPS software package (v 5.966). When necessary, spectra are
charge corrected using the C 1s core level peak set to 284.6 eV.
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Appendix

C O .
Ca Na S Si
sp2 sp3 Cc-O C=0 o=C Oo-C OH
51.7% 35.0% 3.5% 2.7% 3.4% 2.9% NA 0.4% NA 0.5% NA
C-HTCAir 76.2% 13.5% 0.8% 3.9% 3.7% 0.8% 0.1% 0.1% 0.2% 0.4% 0.3%
76.9% 125% 1.0% 3.7% 3.9% 1.0% 0.1% 0.5% 0.1% 0.3% 0.2%
76.6% 13.0% 1.1% 3.7% 3.6% 1.1% 0.2% 0.1% 0.1% 0.3% 0.3%

Table S4.1. X-ray photoelectron spectroscopy results of the lignin-derived carbon

nanosphere particles.
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CONCLUSION

This dissertation explored the potentials of utilizing simple methods to convert
lignin into carbon with a controllable morphology for energy storage and polymer
composite applications.

First, by studying the self-assembly mechanism of a simpler carbohydrate and a
biomass pretreatment byproduct under hydrothermal conditions, | learned that
carbon sphere particles can be produced. Laboratory experiments and modeling
revealed that when an emulsion medium was used with hydrothermal treatment,
hollow carbon spheres with abundant microporosity can be formed. After
carbonization and activation, the carbon produced can be used as
supercapacitor electrodes.

Next, | explored how supercapacitor electrodes can be designed from lignin-
derived activated carbon without the needs of solvents. The morphology of lignin
can be controlled by simple melt-mixing with a 10% rubbery macromolecule
and/or stabilization in air to induce lignin crosslinking. After a one-step
carbonization and activation, derived activated carbon’s surface area and
supercapacitor performance can be increased by 22%.

Producing lignin-derived carbon sphere particles have drawn significant interest
recently but with limited success. With the lessons learned from lignin
crosslinking in solid-state and self-assembly of carbonaceous hydrochar spheres
via solvothermal pathways, lignin-derived carbon sphere particles were produced
successfully by subjecting lignin with a solvothermal treatment in DMSO, a good
solvent for lignin. Solvothermal treatment eventually caused precipitation—similar
to carbohydrate-derived spherical hydrochar—of modified lignin particles with
high carbon yield. After carbonization, spherical carbon particles can be formed
without the need for templates, scaffolds, surfactants, or copolymers.

Lastly, I discovered that using hydrothermal stabilization, lignin-derived carbon
particles displayed a stronger reinforcing effect with a styrene-butadiene rubber
matrix than those obtained via stabilization in air or nitrogen. In addition, by
utilizing a simple self-assembly mechanism of lignin in nanoprecipitation,
spherical lignin nanoparticles can be produced and used as the carbon
precursor, avoiding the needs to superheat organic solvents. During
hydrothermal treatment, lignin underwent crosslinking and became stabilized.
When compared with conventional lignin stabilization methods in air or nitrogen,
hydrothermal stabilization of lignin released less volatiles during stabilization,
leading to fewer defects and less porosity in the resulting carbon particles.
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