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Abstract

Supercritical carbon dioxide is used to exfoliate graphite, producing a small, several-layer
graphitic flake. The supercritical conditions of 2000, 2500, and 3000 psi and
temperatures of 40°, 50°, and 60°C, have been used to study the effect of critical density
on the sizes and zeta potentials of the treated flakes. Photon Correlation Spectroscopy
(PCS), Brunauer-Emmett-Teller (BET) surface area measurement, field emission
scanning electron microscopy (FE-SEM), and atomic force microscopy (AFM) are used
to observe the features of the flakes. N-methyl-2-pyrrolidinone (NMP),
dimethylformamide (DMF), and isopropanol are used as co-solvents to enhance the
supercritical carbon dioxide treatment. As a result, the PCS results show that the flakes
obtained from high critical density treatment (low temperature and high pressure) are
more stable due to more negative charges of zeta potential, but have smaller sizes than
those from low critical density (high temperature and low pressure). However, when an
additional 1-hour sonication is applied, the size of the flakes from low critical density
treatment becomes smaller than those from high critical density treatment. This is
probably due to more CO, molecules stacked between the layers of the graphitic flakes.
The zeta potentials of the sonicated samples were slightly more negative than non-
sonicated samples. NMP and DMF co-solvents maintain stability and prevented
reaggregation of the flakes better than isopropanol. The flakes tend to be larger and more
stable as the treatment time increases since larger flat area of graphite is exfoliated. In
these experiments, the temperature has more impact on the flakes than pressure. The BET
surface area results show that CO, penetrates the graphite layers more than N,. Moreover,
the negative surface area of the treated graphite indicates that the CO, molecules may be
adsorbed between the graphite layers during supercritical treatment. The FE-SEM and
AFM images show that the flakes have various shapes and sizes. The effects of
surfactants can be observed on the FE-SEM images of the samples in one percent by
weight solution of SDBS in water since the sodium dodecylbenzene sulfonate (SDBS)
residue covers all of the remaining flakes. The AFM images show that the vertical

thickness of the graphitic flakes can ranges from several nanometers (less than ten layers

X



thick), to more than a hundred nanometers. In conclusion, supercritical carbon dioxide
treatment is a promising step compared to mechanical and chemical exfoliation
techniques in the large scale production of thin graphitic flake, breaking down the

graphite flakes into flakes only a fewer graphene layers thick.
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1. Introduction

1.1 Graphite

Graphite is a carbon allotrope which has a 3D-planar structure with a hexagonal
(honeycomb) lattice structure in each plane'. Different from ideal graphene, which
consists of a single layer sheet of carbon, graphite is a multi-layer carbon sheet with the
distance between layers of approximately 0.335 nm?®. In other words, graphite is a multi-
layer carbon sheet which consists of many layers of graphene, a single-layer carbon
sheet. These single sheets are held together by van der Waals forces which are weak
enough to separate to some degree by simple mechanical exfoliation®. The structure of
graphite and synthetic graphite powder from Aldrich Chemical Company, Inc. are shown

in Figure 1.1 and 1.2, respectively.

[rga
i
[

Figure 1.1 Graphite is a multi-layer carbon material with 0.335 nm interlayer spacing. It
consists of a single layer hexagonal planar of carbon (graphene) with 1.42 A c-c bond
distance (inspired by Geim et al.’).




Figure 1.2 The !synthetic graphite powder with the size less than twenty microns from
Aldrich Chemical Company, Inc (a,b), which is used in this experiment.

Typically, graphite is black and soft, so it is applied in many ways such as pencil,
coating, etc. It is one of the most stable substances due to its high melting point and
resistance to acid and chemical reactions. In the world market, natural graphite is
classified into three types that are used in different kinds of applications. Amorphous
graphite (microcrystalline graphite) is created from the metamorphism of coal.
Amorphous graphite is the finest of the graphite classes and is used in applications
including lubrication, coatings, and high thermal shock resistance. Lump graphite (vein
graphite) is a class of pure coarse-grained graphite that can be discovered as a part of
metamorphic rocks. It is used in casting, batteries, powder metal industries, etc. The last
class of natural graphite is crystalline flake graphite. This graphite occurs disseminated in
the metamorphic rock, and occurs often less than the other classifications, making the
price the highest. Its application is mostly in applications that require high performance

and quality of graphite such as medical treatment, fuel cells, computer circuit, etc”.

Synthetic graphite can be made by from precursors of carbon such as petroleum coke,
pitch coke, carbon black, coal tar-based cokes, etc. In the synthesizing process, these
materials are mixed and heated at temperatures above 2500°C in the absence of oxygen
conditions®. At a result, the carbon precursors are decomposed and crystallized as
crystalline graphite. From this process, high purity synthetic graphite is produced.
Eventually, crushing and ball milling processes are applied to control the size of the
synthetic graphite powder®. The purity of synthetic graphite depends on the type of the

raw materials and the purifying processes. With high-purity precursors, 99.9% pure
2



graphite can be made’. In this experiment, synthetic graphite powder from Aldrich

Chemical Company, Inc.®, as shown in Figure 1.2, was used.

As mentioned previously, graphite is one of the most inert materials since it has a high
melting point and high thermal and acid resistivity*. Moreover, other properties such as
high thermal and electrical conductivity, high compressive strength, high resistance to
erosion, corrosion from chemicals, low friction, etc., make graphite a versatile material

which is applied in many fields. Some general properties are shown in Table 1.1°.

From Table 1.1, graphite is a sp” carbon allotrope with 1.412 A carbon distance. The
electrical resistivities perpendicular to and parallel to c-axis are 9.8x10° and 4.1x107
ohm-m, respectively. The thermal conductivities (at 273K) perpendicular and parallel to
c-axis are 250 and 80 W/m-K, respectively. The linear thermal expansion coefficient (o)
of a-axis is 1.2, while that of c-axis is 25.9 at 293K. This coefficient increases when
temperature increases (the overall value increases from 7.8 at 293K to 8.9 at 500K). The
bulk modulus for a single crystal is 34 Gpa with the hardness approximately 1 to 2 in
Mohs scale. Since it has a negative magnetic susceptibility, graphite is one of the

strongest diamagnetic.



Table 1.1

Some interesting properties of graphite’

Property Reference
Formular C
Unit Cell a=2.4612 Ang., c=6.7079 Ang.
Crystal Class and Space Group |6/m 2/m 2/m and P6_3/mmc
Formula Units per Unit Cell  [trigonal planar (sp)
Bonding with -C-C- 1.412 Ang.
JCPDS 25-284 for 2H (26-1079 for 3R)
Polymorphs Diamond, Chaoite, Graphite 3R
Conductivity
Electical Resistivity (ohm.m)
perpendicular to c-axis 9.8x10° 10
parallel to c-axis 4.1x107
natural 1.2x10°°
Thermal (Watts/m*K at 273K)
perpendicular to c-axis 250 10
parallel to c-axis 80
natural 160
Thermal
Linear Thermal Expansion Coeff. Alpha(x10° K 10
overall 7.8 (at 293K); 8.9 (at 500K)
a-axis -1.2 (at 293K); 0.7 (at 500K)
c-axis 25.9 (at 293K); 28.2 (at S00K)
Optical
Bireflectance and reflection  |o-vibration: higher reflectance and 11
pleochroism yellow or brownish tint
e-vibration: bluish-grey tint
Mechanical
Bulk Modulus (single xtl) 34 Gpa 12,13
Bulk Modulus (polycrystal)  |7.3-10.7 Gpa (non-irradiated, 14
uncoated)
2.5-7.3 Gpa (non-irradiated, coated)
14.0-16.9 Gpa (irradiated, uncoated)
7.8-8.4 Gpa (irradiated, coated)
Mohs Hardness l1to2
Specific Gravity 2.2
Magnetic
Magnetic Susceptibility strongly diamagnetic 15
(pyrolitic) -450x 107 perpendicular to c-axis
(pyrolitic) -85x107 parallel to c-axis
(rod) -160x10°°




Graphite 1s normally used as a conductive substance in the cathode of alkaline batteries,
due to its low electrical resistivity, and high resistance to heat and chemical corrosion”®.
Moreover, graphite layers can exchange lithium ions between themselves so it is also
popularly used in rechargeable lithium-ion batteries”®. Recently, graphene, a new
allotrope of carbon, was introduced. In the case of electrical characteristics, the Dirac
cones'® are created due to the conduction and valence bands of graphene. This causes the
other phenomena of graphene such as the abnormal quantum Hall effect (QHE) and
nonzero Barry’s phase, etc'’. These phenomena make for unique properties of graphene,
especially in electronics'®. Due to high electron mobility (excess 15,000 cm®V's™) ! and
low resistivity (10 ohm'm'®), less than silver, graphene is expected to replace graphite

in electrode and battery applications.

Wang C et al.?’ studied the electrochemical properties of graphene paper electrodes used
in lithium batteries. The graphene paper was made by chemical exfoliation’. As a result,
the graphene paper could provide a discharge capacity of 582 mA h g (to the cut off
voltage of 2.0V), better than that of graphite (298 mA h g'), with a specific energy
density of 1162 W h kg™'. This points out that the graphene paper cathode and lithium
anode battery has the potential to replace traditional graphite battery due to its higher
performance. However, the performance of the graphene paper was decreased by the

oxide group contained in the graphene paper due to the production method.

Due to the promising properties of graphene, especially in electrical energy storage®’,
many new synthesizing methods have been introduced. However, current production
methods do not produce significant amounts of pure graphene’. Therefore, the motivation
of this thesis is to synthesize high yields of few-layer graphenic materials without

destroying its unique properties, for applications in electrodes and batteries applications.



1.2. Supercritical carbon dioxide

Supercritical is a condition that occurs when the temperature and pressure of the fluid are
higher than its critical temperature and pressure, respectively. The point that the
temperature and pressure of any fluid becomes supercritical is called the “critical point”.
At this point, fluid that reaches its critical condition will show both gas and liquid
properties at the same time. On the other hand, the critical fluid can show the ability to
diffuse and dissolve like gas and liquid*'**2. Moreover, the combination of gas and liquid
properties, brings about a homogeneous fluid phase without surface tension between the
two phases™. Therefore, critical fluid is applied in many applications, such as extraction,
cleaning, dyeing, drying, refrigeration, deposition, etc. The critical properties of several
substances are shown in Table 1.2**,
Table 1.2

Critical temperature, pressure, and density of different fluids®*

Molecular Critical Critical Critical
Substance Weight Temperature Pressure Density
g/mol K (°C) MPa (psi) | kg/m’
Carbon dioxide (CO,)| 44.01 304.10 (30.95) | 7.38 (1070.38) | 469
Water (H,0) 18.015 | 647.10(373.95) [22.06 (3200.11)| 322
Methane (CH4) 16.04 190.40 (-82.75) | 4.60 (667.17) 162
Ethane (C,Hp) 30.07 305.30 (32.15) | 4.87(706.33) 203

Propane (C3Hy) 44.09 | 369.80 (96.65) | 4.25(616.41) | 217
Ethylene (C,H,) 28.05 | 282.40(9.25) | 5.04(730.99) | 215
Propylene (CsHg) | 42.08 | 364.90(91.75) | 4.60 (667.17) | 232
Methanol (CH;OH) | 32.04 | 512.60 (239.45) | 8.09 (1173.36) | 272
Ethanol (C,HsOH) | 46.07 | 513.90 (240.75) | 6.14(890.53) | 276
NMP (CsHoNO)” | 99.13%° | 724.15 (451.00)*° | 4.52 (655.57)*" | 319’

DMEF (C5H;NO)Y® | 73.09%% | 922.75 (649.60)** | 4.42 (641.07)** | 279%
Isopropanol
(CHs),CHOH™ 60.09°° | 526.35 (253.20)*' | 4.76 (691.00)*' | 273*




The solubility of chemicals in supercritical fluids is a function of the supercritical density.
This density depends on temperature and pressure set to create the supercritical condition.
Therefore, the solubility and the density can be altered by adjusting the temperature and
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pressure”.

Among supercritical fluids, supercritical CO; is one of the most commonly used because
of its low critical pressure (7.38 MPa (1070.38 psi)), low critical temperature (304.1K
(31°C)) and high solvating potentialz4. Moreover, CO, is abundant, and its low toxicity
makes less impact on humans and the environment. For these reasons, supercritical CO,

is a widely used fluid in many applications®'***>.

1.3. Graphene

Carbon is one of the most common elements on the earth’s surface. It exists in many
forms in the environment due to different kinds of structures that it can form. In terms of
crystallography, pure carbon has several interesting forms or allotropes. The allotropes
are not only different in appearances, but also in properties. Diamond and graphite, for
example, are carbon allotrope which have been familiar to humans for centuries. These
allotropes are arranged in three-dimensions (3D). For the next generation, nanotubes and
fullerene were introduced several decades ago (1990s). Their structures are one-

dimensional (1D) and zero-dimensional (0D), respectively'~.

Graphene is the most recently discovered carbon allotrope. Its structure is two-
dimensional (2D) with aromatic lattices of carbon atom'. Since it is a two-dimensional
structure (2D), it is only one carbon-atom thick, and with 1.42 A for the carbon-bond
distance'*. Therefore, it appears like a carbon net that contains many hexagonal holes.
This newly discovered material is present in graphite (the multi-layer carbon sheet) with
the layer-layer distance apploximately 0.335 nm”. However, this thickness can increase
due to disorder such as rotation and twist of the layers®*. The structures of graphene and

other carbon allotropes are shown in figure 1.3'~.
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Figure 1.3 Carbon structures of carbon allotrope (inspired by Geim et al.’). From the
figure, graphene is a fundamental form of other allotropes.
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As a 2D structure, graphene is theoretically expected to have many excellent properties in
terms of electronics®, mechanics®, thermals®’, etc. Consequently, many scientists try to
study and discover its properties as well as utilize this promising material for many

X 8’39, electrodes40, ultracapacitors“, biodevices**

applications such as transistors , etc.
However, the biggest challenge is its production in commercially useful quantities and
preservation of high quality. Current production methods do not produce pure graphene,
are slow, and have poor yields or high disorder. Moreover, they often degrade some of
the properties that pure graphene is expected to have’.

Theoretically, the melting point of any substance decreases dramatically when the
thickness of that substance decreases. Therefore, a one- atom thick plane or the two-
dimensional material might be unable to exist'. Moreover, scientists such as Landau** and
Peierls® stated 70 years ago that a 2D material could not be stable due to thermal
fluctuations. Therefore, the 2D plane was only known as a basic part of 3D material. This
belief continued until the success of Aundrey Geim and his colleague, Konstantin

Nevoselov, at the University of Manchester, in extracting the 2D graphene from 3D
8



graphite by a “Scotch tape method*®*®”. Together they won the Nobel Prize in Physics in
2010 for this discovery.

The “Scotch tape method” is the simplest way to extract the 2D material or graphene.
Since the graphite layers are held together by weak van der Waals forces, the force which
is required to separate (exfoliate) the graphite layers is around 300 nN/um? >*’. This
intensity of force could be easily achieved by a mechanical exfolication or Scotch tape
method as mentioned above. Geim and Nevoselov utilized this method by sticking the
tape to graphite flakes and peeling the tape multiple times®>*®. After observing by optical
microscopy, they placed the residuals on the oxidized silicon wafer (SiO;) by lightly
applying and removing the peeled tape. The residuals were examined by optical
microscopy. This shows graphene-silicon interaction which leads to different contrast in
terms of different flake colors. Since then, several other methods of synthesizing

graphene have been introduced. They are discussed further in the next sections.

1.3.1. Graphene synthesis

Mechanical exfoliation or the “Scotch tape method” can synthesize graphene38’46, but it is
not suitable for large scale production. Moreover, the quality of the graphene from this
method is highly variable. Therefore, researchers have been trying to find a way to
produce graphene precisely and productively’. New methods have been introduced,

several of which are very promising are mentioned.

1.3.1.1. Growth of graphene

Graphene can be grown in metals and carbide substrates. The one method is chemical
vapor decomposition (CVD) which is a technique used to produce a thin film on a
substrate®***_ In this technique, a substrate is exposed to a vapor or volatile substrate
which can react with or attach on the substrate itself. As a result, a thin film is created.
Another technique is using heat to decompose metal and carbide substrates. For both

techniques, substrates and growth conditions are specified for the graphene production.



Kim KS et al.'® tested the electronic properties of graphene synthesized by CVD on
nickel substrate with 300 nm thickness. SEM, TEM, Raman spectroscopy, and AFM
were used to characterize the graphene. As a result, the grown graphene had very low
resistance between the layers (approximately 280 ohm per unit area), high yield
transparent layers (approximately eighty percent yield), and high electron mobility (more
than 3,700 cm”V™'s™). Moreover, the electron mobility was almost identical with that of
graphene from mechanical exfoliation. Therefore, CVD is a good method to synthesize

graphene which can preserve the electronic properties for electrode applications.

Lee Y et al*’. produced large flakes of graphene by transferring graphene to a polymer
substrate. This graphene was produced by CVD on a metal substrate, such as Ni or Cu.
Then, an etching process by FeCj; was applied to remove the metal layer before
transferring it to the polymer substrate. This method reduced the limits of the metal
substrate on size of the growth graphene by CVD. As a result, a 3-in graphene film was

created with high electron mobilities.

Shi Y et al.”® tested electrode properties of graphene which were synthesized by chemical
vapor deposition (CVD). The chemical doping of graphene covered by metal ions such as
Au, was tested and compared with traditional graphene (without chemical doping). In this
way, graphene was grown as a film and dispersed into AuCl; solution. Then, the Au
particle would cover the graphene surface due to surface interactions with the metal ions.
This phenomenon maintained the stability of the graphene film. As a result, a maximum
power conversion efficiency (PCE) reached 0.08 percent which was forty times greater

than that without chemical doping.

Although grown graphene has a high quality structure compared with pure graphene, this
method still has some disadvantages. By interaction with the substrate, grown graphene
has a carrier mobility five times less than that of pure graphene’. Moreover, the lateral
size is limited due to this substrate interaction’. Therefore, additional methods are
required to improve the properties of this growth’®. Nickel is the best substrate to increase

the lateral size of grown graphene’. This substrate can dissolve in hydrochloric acid
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solution so the deposited graphene is transferred from the metal substrate to a polymer
covering'®>"2. A polymer film is formed at this point. With this technique, the lateral
size of grown graphene depends on the crystal size of the nickel substrate. Moreover, the

53,54 .
=", In conclusion, these

mobility is doubled compared to traditionally grown graphene
methods make a high quality graphene, however, special conditions are required, which
means additional cost. Grown graphene is suitable for high performance applications that

need high quality graphene”.

1.3.1.2. Graphene oxide

Another method of producing graphene is “chemical exfoliation”. The key is to oxidize a
graphite layer using chemical substances®>**. Since the graphite layers are connected to
each other by a weak van der Waals force, this oxidation exfoliates a single sheet in the
form of graphene oxide’. Graphite, sodium nitrate, and sulfuric acid are mixed together in
an ice bath, and then potassium permanganate is slowly added. The reaction is stirred at
room temperature for an hour. Then, water is added and the temperature is set at 45°C.
The reaction is continued for another half an hour. Next, hydrogen peroxide and
additional water are added slowly. Finally, the mixture is filtered and washed until a pH
of six is reached. The graphite oxide is separated out at this point™. It remains stable for
around six months. To exfoliate a single sheet, a thermal treatment is applied to produce
CO, between layers. This inter-generated CO, will expand the graphite layer. Then, the
single layer graphite oxide sheet (graphene oxide) is exfoliated. Typically, the
temperature that is used to generate the CO, is 1050°C (with a heating rate of more than
200°C/min). To obtain good quality graphene oxide flake, the additional treatment such

as sonication may be required™.

However, due to the effects of the chemical treatment, the obtained graphene oxide loses
some of its desirable properties compared with that of graphene from mechanical
exfoliation. The structure of graphite is changed dramatically during the chemical
reactions >, Moreover, the chemicals can revert the single layer (graphene) into the

multi-layers (graphite). Therefore, to restore the properties, additional treatments, such as
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hydrazine vapors (NH,-NH;) or hydrogen plasma, are required to change the product
from graphene oxide to graphene, making the process more complex and expense™".
Moreover, the identification of graphene oxide in graphene is still problematic in the final

product.

1.4. Other graphene synthesis methods

Jiang et al."”

studied the electronic properties of graphene using infrared spectroscopy. In
the case of electrical characteristics of graphene, the Dirac cones'® are created due to the
conduction and valence bands of graphene. This causes the other electrical phenomena of
graphene, such as the abnormal quantum Hall effect (QHE) and nonzero Barry’s phase,
etc. The infrared spectroscopy together with a magnetic field can reveal the Landau Level
(LL) spectrum of graphene. In this task, the magnetic field was set at 6 Tesla, 12.1 Tesla,
and 18 Tesla. As a result, the transition energies were approximately equal to the square
root of the magnetic field. Moreover, the LL transitions were shown to result with no

exact pattern among different transitions. This was because of the effects of a large

amount of the observed particles.

Pu NW et al.*! exfoliated graphene sheets from graphite powder using a supercritical CO,
technique. The natural graphite powder was put into the cell and the supercritical CO,
was set to flow through the cell for thirty minutes. The products were collected by
passing the output CO, gas into water with sodium dodecyl sulfate (SDS) surfactant to
prevent reaggregating of the expanded sheets. Transmission electron microscopy (TEM),
atomic force microscopy (AFM), field-emission scanning electron microscopy (FESEM)
were used to observe the products and showed that multi layers graphenic materials (~10
layers) were produced.

Malesevic A et al.*®

synthesized graphene using the microwave plasma-enhanced
chemical vapor deposition technique. The obtained graphenes were observed by electron

microscopy, x-ray diffraction, Raman spectroscopy and scanning tunneling microscopy.
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As a result, the flakes which were approximately six-layer thick, appear in a vertical

direction, perpendicular to the substrate surface.

Shen J et al.”® synthesized graphene from graphene oxide. First, the reaction between
graphite and benzoyl peroxide (BPO) was used to produce graphene oxide. Then, the
graphene oxide sheet was converted to graphene using its in situ reduction. CO, was also
used to expand the distance between graphite layers. Thermogravimetric analysis, Raman
spectroscopy, and Fourier transform infrared spectroscopy showed the completion of
graphene oxide production. TEM and AFM were used to compare graphene oxide with
obtained graphene (from graphene oxide) in a final state. The result showed that the

graphene oxide with a single layer could be produced by this technique.

Wu ZS et al.>* studied the effect of the lateral size and the crystallinity of the graphite,
which was used as a reactant on the graphene product. Graphene oxide, also refered to as
chemical exfoliation mean, was used to synthesize the graphene. Four kinds of graphite
which were artificial graphite, flake graphite powder, Kish graphite, and natural flake
graphite were used as reactants. As a result, the highest yield of monolayer graphenes
was produced when artificial graphite was used as a reactant. These graphenes also were

found to have high quality and electrical conductivity (~1x10° S/cm).

Lotya M et al.®® made graphene by dispersing graphite in a water-based surfactant
(sodium dodecylbenzene sulfonate (SDBS)). The solution was sonicated for thirty
minutes in a sonication bath. Transmission electron microscopy, atomic-resolution TEM,
Raman and IR spectroanalysis, and X-ray photoelectron spectroscopy were used to
examine the product. Moreover, the stability of the exfoliated flake was also observed in
terms of Coulomb repulsion. As a result, more than forty percent of the product had less
than five layers (approximately three percent were monolayer). Those flakes lacked any
defects and oxides with high stability and had a semitransparent appearance.

1.61

Ferrari AC et al.” studied the Raman spectra of graphene which was influenced by its

number of layers. The increasing number of layers affected the topography (shape and
13



size) of the flake. This also affected the D peak second order (2D) in the Raman spectrum
of graphene because of double resonance in the Raman process. The G peak, which was

slightly changed, represented no defect or impurity in the graphene flakes.

Rangappa D et al.? exfoliated graphene using the supercritical fluid exfoliation method
of graphite crystals. N-methyl-pyrrolidone (NMP), dimethylformamide (DMF), and
ethanol were used as supercritical solvents due to their high solubilities. In preparation,
graphite crystals were dispersed in the solutions and sonicated for ten minutes. Then, the
sonicated crystals were put into the pressure vessel and the supercritical conditions were
set within 300-400 °C and 38-40 MPa for 15-60 minutes. The process was completed
after the vessel was placed in an ice bath. The collection was done by removing the
residues, washing and centrifuging them, then drying them overnight in a vacuum oven at
100 °C. Raman spectroscopy, high resolution transmission electron microscopy (HR-
TEM), AFM, and X-ray diffraction (XRD) were used to characterize the obtained flakes.
Most of the flakes (ninety to ninety five percent) were found to be less than eight layers.

Moreover, monolayer flakes were found approximately comprise six to ten percent.

Woods HM et al.”® studied materials under supercritical carbon dioxide. The study was
separated into three tasks: applied surfactant in the supercritical CO, as a new material
synthesizing method, the effect of the supercritical CO, on polymer processing, and the
supercritical CO, in biomedical applications. In conclusion, the supercritical CO, was an
effective tool to create a new interesting feature and property of the product, which was

hard to reveal from other means.

Kaschak DM et al.** expanded graphite using oxidizing solutions which were nitric acid
based. Moreover, additional treatment by supercritical water, carbon dioxide, and helium
was used to exfoliate graphite. The conditions below supercritical and near supercritical
for each fluid were also examined. As a result, the graphite flakes with fifty micron
thickness were created. This might be due to the reaggregation of a few layers of the

graphite flakes.
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Green AA and Hersam MC® made graphene using solution dispersion and controlled the
thickness using gradient ultracentrifugation (DGU). This method began by dispersing
graphite in sodium cholate surfactant, which was amphiphilic. Then, horn ultrasonication
was used to exfoliate the graphene flakes. These exfoliated flakes were stable because of
the amphiphilic molecules of sodium cholate that covered the surface area of the flakes.
Then, the solution was centrifuged by gradient ultracentrifugation to separate the desired
thickness of the graphene flakes due to different density. The separated graphene flakes
were placed on a SiO, substrate for AFM and Raman spectroscopy observation. As a
result, different shades of density occurred in the centrifuge tube. These shades contained
different thicknesses of graphene flakes. The shade became darker as the thickness

(density) of the contained flakes increased.

Ghosh A et al.°® measured H, and CO, adsorption of graphene at 1 atm with 77 and 195
K, respectively, using a Quantacrome instrument. The surface areas of graphene were

also measured by using Brunauer-Emmett-Teller (BET). The graphenes were prepared

29,30 30,31

from the method of graphene oxide””" and nanodiamond transformation™". As a result,
the H, adsorption of graphene was 1.7 weight percent while the CO, adsorption was 35
weight percent. Moreover, for the single layer graphene the H, adsorption was more than
three weight percent and might be approximately 7.7 weight percent. These adsorptions

changed proportionally with the surface areas, but inversely with the number of layers.

Behabtu N et al.*’ studied the graphite dispersion in chlorosulphonic acid with 2 mg-
carbon/mL-acid concentration. From this method, graphite was exfoliated to single layer
graphene without additional treatments or solvents to produce single layer flakes,
recovered some properties of the flakes, and maintained the stability of those flakes.
Three kinds of graphite (expanded, microcrystalline, and highly ordered pyrolytic) were
compared with each other. Raman spectroscopy, TEM and HR-TEM, X-ray
photoelectron microscopy (XPS), and AFM were used to examine the obtained graphene.
As a result, the liquid-phase graphene was produced with a concentration of
approximately 20-30 mg/L. Moreover, eighty percent of the crystalline flakes were

transparent.
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Subrahmanyam KS et al.’® studied and compared the characteristics of graphene which
were synthesized from different methods. Graphene produced from pyrolysis of camphor,
graphitic oxide exfoliation, and conversion of nanodiamond, were used in this task. X-ray
diffraction (XRD), TEM, AFM, Raman spectroscopy, magnetic measurement, and
Brunauer-Emmett-Teller (BET) were used to characterize the obtained graphenes. As a
result, exfoliated graphene showed the smallest size, the least number of layers, and the
best crystalline graphene with minimum defects. Moreover, it also showed the highest
surface area and the highest weight percent of hydrogen and carbon dioxide
adsorptions.

Kozhemyakina NV et al.”’

studied the electronic characteristics of graphene-perylene
bisimide (PBI) interaction in N-methylpyrrolidone (NMP). The graphene was made by
dispersion of turbostratic graphite in NMP. The solution was stirred for five days and
then centrifuged to separate single-layer and few-layer graphene. Perylene bisimide was
also dispersed in NMP. To study the interaction of these two materials (graphene and
perylene bisimide), the sample was prepared by dropping both dispersed solutions on a
silicon substrat with 300 nm SiO, coating. Raman spectroscopy and fluorescence
spectroscopy were used after evaporation of the solvent. As a result, the Raman spectra of
graphene at 532 nm excitation was interfered by those of perylene bisimide, although the
D-band, 2D-band, and G-band were still seen. However, the spectra at 633 nm showed
graphene-like spectra, since perylene bisimide was not activated by this wavelength. As
for fluorescent spectroscopy, both graphene and bisimide were fluoresced by green light
(545 nm wavelength) and emitted from 605 nm. Graphene showed a blue contrast while

perylene bisimide showed various colors (red, yellow, and light blue) in the fluorescent

micrograph.

Li Q et al.”” studied the solubility of 2- napththol and anthracene in supercritical CO».
Acetone, ethanol, and cyclohexane were used as co-solvents. The process was run at
temperatures between 308.1 K and 328.1 K, and pressures between 10 MPa and 30 MPa.

The solubility of both solid materials was measure by making equilibrium flow between
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two phases (fluid and solid), and applying the gravimetric analysis method. As a result,
when the temperature or pressure increased, the solubility of both solids was increased.
Moreover, the non-polar co-solvent (cyclohexane) could increase the solubility of both
materials in supercritical CO, better than the polar solvent (ethanol and acetone) could

do.

1.5. Co-solvents

Due to lack of polarity of the supercritical carbon dioxide, co-solvents are used to
increase its polarity. This increases the solubility power of the supercritical carbon
dioxide. Moreover, another function of co-solvent is to make more comfortable and
effective way in collecting the samples since the treated flakes are dispersed in exiting
drops of co-solvent. In this experiment, three solvents, N-methyl pyrrolidinone (NMP),
dimethylformamide (DMF), and isopropanol, were used as co-solvents. Some of the

properties are shown in Table 1.3.

Table 1.3
Some properties of N-methyl pyrrolidinone (NMP), dimethylformamide (DMF), and
isopropanol.
Solvent NMP”' DMF** Isopropanol™
Formular CsHoNO C;H,NO (CH3),CHOH
Molecular Weight (g/mol) 99.13 73.09 60.09%
pH 7.7 t0 8.0 6.0 to 8.0 N/A
Vapor Pressure 0.29-0.32 3.68 33.00
(x10”° MPa at 293.15K)
Melting Point (K(°C)) 249.15(-24) 212.15(-61) 184.15(-89)
Boiling Point (K(°C)) 457.15(202) 426.15(153) 355.45(82.3)
Critical Temperature (K(°C)) | 724.15(451.00)*° | 922.75(649.60)** | 526.35(253.20)"'
Critical Pressure (MPa(psi)) | 4.52(555.57)" | 4.42(641.07)** | 7.76(691.00)'
Dielctric constant
(at 293.15°C) 337 36.77 19.26™
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2. Hypothesis

Graphite is a carbon allotrope that is a multi-layer stacking of hexagonal network planes'.
The distance between carbon atoms in the same plane is 1.42 A**. In other words,
graphite consists of a single-atom-layer material (graphene) attached together by a van
der Waals force that is weak enough to allow graphite to be exfoliated by normal method,
such as pressing and peeling an adhesive tape (Scotch tape method)'. However, the
percent yield is the main problem of a few-layer production’. Other methods, such as

chemical vapor deposition (CVD) and thermal decomposition of metal on carbride

3,48,49 3,53,54,55

substrate , and chemical exfoliation , are also invented by many groups of
people as mentioned previously. However, those methods also bring about some
unfavorable results of the product, such as the lack of some properties, defects, etc., due
to chemical interactions and treatment of the process’. Therefore, more processes are
required to recover those loosen properties®. This means more time, labors, and funds are
consumed in the production. At this point, supercritical CO, is considered as a promising

way to exfoliate graphite.

As mentioned previously, the distance between layers is approximately 0.335 nm, but can
be increased due to rotation and twisting of the layers™. As for the carbon dioxide, the
vertically molecular size of carbon dioxide is approximately 0.33 nm’>. Moreover, due to
the high kinetic energy of carbon dioxide and its polarizability, carbon dioxide has the
potential to pass between the graphite layers since its molecular size is approximately
smaller than the layer-layer distance’®. In addition, when the supercritical condition is
applied, the diffusivity and dissolvability of the fluid are enhanced®®. Together with
added co-solvents (N-methylpyrrolidone, dimethylformamide, and isopropanol), which
can increase the polarity and the fluid-solid interaction®, the graphite layers are expected
to be expanded and exfoliated at this point. The exfoliated pieces will come out with the
output fluid and can be collected in a u-tube. In conclusion, supercritical carbon dioxide
might be an effective and productive method to synthesize a few-layer graphenic material

via the exfoliation of graphite. A schematic of this hypothesis is shown in Figure 2.1.
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Figure 2.1 A schematic of graphite exfoliation by supercritical carbon dioxide. The
carbon dioxide molecule is small enough to pass through the layer-layer space of
graphite. Moreover, the supercritical condition increases the diffusivity and dissolvability
of the fluid. Co-solvents are used to increase the polarity of the supercritical carbon
dioxide and the interaction between fluid and solid phase. A few-layer graphite is
expected to exfoliated at this point.

From Figure 2.1, when graphite is treated by supercritical carbon dioxide, its layers are
expanded because of carbon dioxide molecules that pass between the graphite layers. Co-
solvents are injected to maintain the expanded distances between the graphite layers. The
graphite layers are also exfoliated into smaller flat pieces under the supercritical
treatment. The degree of exfoliation depends on the supercritical density of the treatment.
In other words, higher supercritical density treatment can exfoliate ant break down the
graphite layers into smaller sizes while lower supercritical density treatment cannot
exfoliate and break down the graphite layers as completely as higher supercritical density
treatment. Instead, it expands the graphite layers which loose the force held between the

layers.
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3. Experiment

3.1. Supercritical CO, extraction

The supercritical CO; extractor system consists of a pump, a pressure cell, a heating unit,
and a release valve. The procedure begins when the carbon dioxide, which is stored as a
liquid in a cylinder tank, is pumped into the extraction cell with a high-pressure syringe
pump. In this tube, the supercritical pressure is set by the pump. Then, this CO, is
released to the pressure cell which contains the material or substance that is to be
extracted. The pressure cell is a cylindrical stainless steel tube with two hexagonal
stainless steel caps. The inner diameter of the tube is 1 cm and the outer diameter is 1.2
cm. The length of the tube including caps is 12.2 cm. The volume is approximately 9.582
cm’. It can contain approximately 2.8 grams of graphite powder (without applying force).
This cell is placed in the controlled temperature oven, and set to the desired supercritical
temperature. The supercritical conditions are held until the extraction process is
complete, which is normally ten to sixty minutes, depending on the extracted material.
The sample is collected into a collection vessel, often a glass U-tube by opening the
needle valve at the extraction cell exit, and reducing the pressure to subcritical levels. The
supercritical CO; flashes into a gas and passes through the tube, whereas the co-solvent
and graphenic materials are condensed and collected. This collection method is very
effective in collecting fine shape and small piece of products since the pressure cell has
0.5 micron filters at end each. Therefore, large and rough pieces are filtered out.
Moreover, the U-tube can collect pieces which come out with the fluid, along with the
co-solvent because it creates a phase separation between the supercritical fluid and co-
solvent. The released CO, gas will flow in to the U-tube and flow out of the other side,
while the co-solvent stays in the curve of the tube. The extracted material, which comes
out with the supercritical fluid, will be collected in the liquid phase of co-solvent. The
flow of the outlet is controlled by a release valve (needle valve). The schematic of the
supercritical CO, system and a photo of the supercritical CO, extractor (Varian
Aerograph Series 1400) used in this experiment are shown in Figure 3.1 and 3.2,

respectively.
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Co-solvent can be injected into the pressure cell using a 6-way valve system which can

be rotated to select the path of injection to the pressure cell. Once the path is changed

from CO; to co-solvent, the co-solvent is injected into the pressure cell before shifting

back to the CO,. It is necessary to momentarily reduce the inside pressure in the pressure

cell by opening the release valve. Consequently, the co-solvent can flow into the pressure

cell because the pressure inside the cell is released and less than that in the injection tube.

The schematic of the 6-way valve system, which is used to inject the co-solvent, is shown

in Figure 3.3.

Co-solvent In Co-solvent Out

Pressure Cell

4

High Pressure
Syringe Pump
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Needle Valve

Temperature

Controlled Oven \\/

Figure 3.1 The supercritical CO, extraction system. This system consists of a liquid CO,
tank, high-pressure syringe pump, pressure guage, thermocouple, pressure cell, 6-way
valve release needle valve, and U-tube. The red arrow line shows the CO; path.
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pressure vessel (b), and syringe pump controller model REV D 260d from ISCO, Inc. (c).

Solvent out

{— Solvent In

|
4 / 6 CO2in

Extraction Cell
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3 1 ]
12
Plug
4 6
Collection \ 5 /

Figure 3.3 The 6-way valve diagram. The valve can be rotated to select whether
the supercritical CO; path or co-solvent path goes to the pressure cell.

The synthetic graphite powder (Aldrich Chemical Company, Inc.) was filled into the
pressure cell until it is full (approximately 2.8 grams) without applying any pressure
when filling, then close both sides with filter caps. Then, the pressure cell was installed in
the supercritical CO; extractor (Series 1400 from Varian Aerograph) by screwing on and

tightening both sides with the plastic fittings. The temperature can be set by the
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temperature control box, to 40°C, then close the oven door, turn on the oven fan and then
the oven heater. In the case of pressure setting, open the main valve on the CO, tank and
turn on the syringe pump controller (model REV D 260d from ISCO, Inc.). Open the CO,
inlet valve, fill the syringe pump by pushing the “refill” button, and close the CO, inlet
valve when the pump is full. Then, set the pressure as 2000 psi and push the “run” button.
To inject CO, into the system, open the CO, outlet valve to pressurize the cell and check

for leaks.

Co-solvent (N-methyl-pyrrolidone (NMP)) was inject by moving the injection valve fully
clockwise (arm up), filling Luer-lok syringe with NMP; attaching the syringe to the
injection valve, depressing the syringe plunger to push solvent through the injection valve
loop, moving injection valve counter-clockwise to put loop into high pressure line,
bleeding off CO, pressure with outlet valve; close valve, and move the injection valve
back into the load position (arm up), respectively. Inject the NMP two times
(approximately 0.3 mL) every three minutes for one and half hours to ensure the co-

solvent pass through all of the graphite powder in the cell.

The 0.5 mg/mL sodium dodecylbenzene sulfonate (SDBS) surfactant was prepared® by
mixing 125 mg of SDBS salt technical grade (Aldrich Chemical Company, Inc.) into 250
mL of water. The mixture was stired overnight in an oil bath at a temperature of forty

degrees Celsius, then pipet 10 mL of the surfactant into small bottles.

Before collecting a sample, the U-tube was rinsed with ten milliliters of the SDBS
surfactant. The metal tube connected to the release needle valve was placed inside the U-
tube and the release valve was opened slowly to let the drops of the exiting NMP fall into

the U-tube for ten minutes (gathering approximately three milliliters).

The process was shut off by closing the CO, outlet valve, depressurized system by
opening the release needle valve completely, turned the oven heater and oven fan off,
removed the cell, turned off the pump and closed the CO, tank main valve. Removed the

powder from inside the cell and place it into a bottle for further analysis.
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The process was repeated three times to collect three sets of samples for all temperature

(40°, 50°, and 60°C) and pressures (2000, 2500, 3000 psi).

3.2. Photon Correlation Spectroscopy (PCS)

The Zetasizer Nano Particle Analyzer is the instrument to measure the net charge (zeta
potential), size, and molecular weight of dispersed particles’”. In this experiment, the net
charge and size measurement are considered. As for zeta potential theory’’, when
particles are dispersed in solution, the net charges on the surface of the particles will
attach to opposite charges in solution. This creates a double-charge layer. The inner
region will have higher concentration of ions which are tightly attached together while
the outer region has lower concentration and less tight attaching. This outer charge is
called the “zeta potential” of the colloid particle. This parameter shows the stability of the
colloid particle. Normally, the particle is considered stable if its zeta potential is more
positive or more negative than +30 mV or -30 mV"’, respectively. This means the particle
tends to repulse each other since it has the same strong charge. The zeta potential can be

measured using the folded capillary cell or the dip cell in the glass square cuvette.

In the case of size measurement’’, the Zetasizer software simulates the particle size by
measuring laser scattering and its correlating change due to Brownian motion. When a
light source, such as a layer, is applied, the light is scattered due to the particles. The
detector screen detects this scattered light which is shown as a bright-dark pattern. The
bright regions are from the light scattering reaching the detector screen, while the dark
region shows that no light is detected because it is blocked by the particle. Due to the
Brownian theory, the particles always move because of the collision between molecules.
Therefore, the light scattered pattern is unstable both in position and intensity. The
Zetasizer Nano System measures this rate of change and uses it for calculating the size of

the particle. As a result, the intensity contribution of the size is shown.
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The Zetasizer Nano Particle Analyzer (Nano ZS model ZEN3500, Malvern Instruments
Ltd.) and the DTS (Nano) software’’ were used to measure sizes and zeta potentials of
the dispersed graphenic flakes in the SDBS solution. Before the analysis, the system
needs to be warmed up for thirty minutes. For the sizing analysis, the sample (in the
SDBS solution) was rinsed into the glass square cuvette until it reaches a ten millimeter
height and placed in the Zetasizer Nano Particle Analyzer then close the lid. The analysis
was begun by selecting the “size’ measurement, “graphene” material, “water” dispersion,
and “PCS1115 Glass cuvette with square aperture” cell in the DTS (Nano) software. The
data were collected when the analysis was complete. In the case of zeta potential
analysis’’, the universal dip cell was applied into the glass square cuvette before placing
both of them in the analyzer. In the software, the option of “zeta potential” measurement,
“graphene” material, “water” dispersion, and “DTS1070 — Zeta dip cell” were selected

before starting the analysis. The data were collected when the analysis was complete.

Sonication was applied after the supercritical treatment to study its effects on the
obtained flaked. The sonication was done in a sonication bath (Branson 3510). 30%
volume of ethanol (Pharmco-AAPER, ACS/USP Grade) was added in the sample. In this
experiment, 7 mL of suspended sample was mix with 3 mL of ethanol in small tube. The
sample tube was place in the sonication bath covered by water. The sonication was run

without heat for one hour before doing the PCS analysis.

After analysis, the glass square cuvette and the bottom of the universal dip cell were
rinsed with deionized (DI) water, and put into the sonication bath (Branson 3510) to be
sonicated for 15 minutes’’. They were cleaned with DI water and ethanol (Pharmco-

AAPER, ACS/USP Grade) and dried by applying air under chemical hood.
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Figure 3.4 The Zeta Nano Instrument: ZS model ZEN3500 with a 532 nm green laser,
Marvern Instruments Limited (a) and the universal ‘dip’ cell and the glass square cuvette
(b). The instrument is located in the Chemical Science and Engineering Building,
Michigan Technological University, USA.

3.3. Brunauer, Emmett, and Teller (BET) analysis

Before doing the analysis, the sample was degassed to make sure that no other gas came
out from sample during analysis at low-pressure conditions. The sample weighted
approximately 0.0555 grams and was put into the sample tube. Liquid nitrogen was filled
to approximately 2/3 of the BET degas tank. An O-ring (with some vacuum sealer) and
metal knob were place on the sample tube. The sample tube was attached and tightened to
the BET degas port by screwing on the metal knob. Then, the heater pad was applied to
the bottom of the sample tube with the metal clip. The instrument was started by turning
on the machine, vacuum pump, and nitrogen-, helium-, and carbon dioxide tanks. The
degas condition of 210°C, which is higher than boiling point of NMP, DMF, and
isopropanol (Table 3), with a holding time 360 minutes and an increasing rate of 10°C
per minute was set in the ASAP2000 software. The sample tube was removed from the

degas port after the process was complete’.

The BET process measurement was operated with the degassed sample. The BET tank
was filled by liquid nitrogen (until it reaches a marker level to determine the amount
needed). Plastic sleeve, metal knob and O-ring (with some vacuum sealer) were placed
on the sample tube. Then, the sample tube was attached and tightened to the BET port by
screwing on the metal knob. The weight of the sample and adsorptive gases (N, and CO,)

were filled and selected in the ASAP2000 software. The sample was removed from the
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port when the analysis was complete. The untreated and treated graphite were analyzed

with both of N, and CO, adsorption78.

For cleaning, a solution of 50 mL (10%) of Micro-90 (item#M-9031-12) in warm water
was used. The solution was rinsed in a sonication bath (Branson 3510). After removal of
sample, the sample tube was place into the sonication bath by letting the water cover all
of the tube with no air inside it. The sonication was applied for 15 minutes. Then, the
sample tube was removed from the bath and rinsed with isopropanol. A metal tube
connecting to nitrogen tank was inserted into the sample tube to dry out the interior of the

tube. After it dried, the sample tube was baked in the oven at 110 °C for two hours’®.

Figure 3.5 The ASAP 2020 dnalzer fromilc;omeritics Instrument Corporation, located
in the Chemical Science and Engineering Building, Michigan Technological University,
USA.

3.4. Field Emission Scanning Electron Microscopy (FE-SEM)

The FE-SEM was used to observe the characteristics of flakes obtained. To avoid residual
surfactant (SDBS), the samples for FE-SEM were prepared by using the flakes in NMP
directly obtained from the supercritical extractor. Another way was prepared by using the
flakes in one percent of weight of SDBS in weight of water (9.94 mg SDBS/mL water).
The one percent weight by SDBS to weight of water was prepared by mixing 2.4846
grams of SDBS in 245.98 grams (250 mL) of water, then the mixture was stirred
overnight at 40°C. The sample was dropped on the sample holder, which is aluminum,

until all of surface was covered. The prepared sample holder was left for two days under
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a chemical hood (Labconco — Protector Laboratory Hood); or until it was the solution
was completely evaporated. The process was repeated three times for the same sample
holder. The analysis was done using Hitachi S-4700 FE-SEM with a working distance of
five millimeters and five kilo-electron volts (keV) at various magnifications for each

sample.

=

Figure 3.6 The Hitachi S-4700 E—SEM located in Material Science and Engineering
Building, Michigan Technological University, USA.

3.5. Atomic Force Microscopy (AFM)

Veeco Dimension 3000 Atomic Force Microscopy was used to construct topographic and
3D images, and analyze the horizontal and vertical sizes of flakes obtained. AFM
samples were prepared from the flakes in the NMP co-solvent, which were obtained
directly from the exit of the supercritical extractor. The sample was dropped directly on a
silicon substrate until the solution covered all surface of the substrate. The deposited
substrate was left to dry for two days under a chemical hood (Labconco — Protector
Laboratory Hood); or until the solution completely evaporated®®. A tapping mode, 1:1
aspect ratio, 1 Hz scan rate, and 5 and 50 micrometer scan sizes were set for the AFM

operation.
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Figure 3.7 Veeco Dimension 3 000 Atomic Force Mic;osope and Control Center. The
instrument is located in the Materials Science and Engineering laboratory at Michigan
Technological University.
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4. Results and Discussion

4.1. Experimental conditions for Photon Correlation Spectroscopy
(PCS)

In this study, the flakes obtained from several different processing conditions using
supercritical CO, treatment were analyzed. Temperatures of 40°, 50°, and 60°C and
pressures of 2000, 2500, and 3000 psi were used in this experiment to study effects of
supercritical density on the flakes obtained. NMP was used as a main co-solvent due to
its high solubility, polarity (Table 3) and ability to dissolve in supercritical CO,".
Therefore, it was expected to be the best co-solvent to exfoliate and maintain stability of
the flakes. DMF and isopropanol, which has a high dielectric constant and a different
polarity range, respectively, were used in some experiments to study the effects of co-
solvents on the flakes obtained. The PCS samples were prepared by collecting the exiting
co-solvent suspensions into a 0.5 mg/mL SDBS solution. This water-based surfactant
served to maintain the stability of the suspensions for a short period during the PCS
analysis without damaging the instrument from organic solvents (NMP and DMF). The
majority of treatments were run for one hour. However, to study the effect of treatment
time on the flakes obtained, the treatment at 60°C and 3000 psi was run for 2 and 3
additional hours with NMP as a co-solvent. The experiments for PCS are shown in Table

4.1.
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Table 4.1
Matrix of experimental conditions for PCS analysis. a = NMP, b = DMF,
¢ = isopropanol, 2 = two hour treatment with NMP as co-solvent, and

3 =three hour treatments with NMP as co-solvent.

Condition [Pressure (psi)| 40°C 50°C 60°C
Sonication 2000 a a a
2500 a a a
3000 a,b,c a,b,c a,b,c, 2,3
Non- 2000 a a a
Sonication 2500 a a a
3000 a,b,c a,b,c a,b,c,2,3

The analysis were separated into studying effects of temperatures, pressures, co-solvents,
times, and additional sonication to diameters, z-average sizes, and zeta potentials of

obtained flakes. All of the raw data for all experiment runs is in the appendix A.

4.1.1. Effects of pressure and temperature of supercritical carbon
dioxide (ScCQO,) on sizes and zeta potentials of graphitic flakes, using
NMP as a co-solvent

4.1.1.1. Effects of pressures and temperatures of supercritical carbon
dioxide (ScCO,) on diameters of flakes obtained

Table 4.2 shows the PCS results of each individual experimental condition with NMP as
a co-solvent. The PCS analysis can obtain the mean diameter, which is the highest
intensity size of the flakes obtained; the z-average size, which is the log mean size of the
flakes obtained; and the zeta potential, which is the charge that covers the outer surface of

the flakes obtained®®.
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Table 4.2
Sizes and zeta potentials of graphitic flakes after supercritical CO, treatment at different
temperatures (40°, 50°, and 60°) and pressures (2000, 2500, and 3000 psi) with and

without additional one-hour sonication. NMP was used as a co-solvent.

Parameter |Pressure Sonication Non- Sonication
(psi) 40°C 50°C 60°C 40°C 50°C 60°C
Diameter | 2000 | 153.80 | 117.50 | 78.66 | 157.30 | 143.20 | 175.70
(nm) 2500 | 144.60 | 12222 | 8528 | 155.90 | 122.30 | 207.10
3000 | 130.90 | 121.10 | 105.10 | 151.90 | 160.90 | 215.20
Z-average | 2000 | 14290 | 10090 | 82.15 | 148.30 | 158.40 | 167.10
size (nm) | 2500 | 136.80 | 107.40 | 96.86 | 163.80 | 161.80 | 167.80
3000 | 111.40 | 102.70 | 85.58 | 121.10 | 175.40 | 133.60
Zeta 2000 | -56.90 | -41.20 | -27.80 | -33.30 | -29.10 | -32.20
potential | 2500 | -57.80 | -42.40 | -28.50 | -32.10 | -29.20 | -20.20
(mV) 3000 | -43.50 | -39.10 | -32.20 | -56.40 | -44.10 | -40.80

Effect of ScCO, Temperature and
Pressure on Diameter with
1-hr Sonication
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Figure 4.1 The diameter (nm) of the graphitic flakes at different treatment temperatures
(°C) and pressures (psi) with additional one-hour sonication. NMP was used as a co-
solvent.
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Effect of ScCO, Temperature and
Pressure on Z-average Size
without Sonication
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Figure 4.2 The diameter (nm) of the graphitic flakes at different treatment temperatures
(°C) and pressure (psi) without additional sonication. NMP was used as a co-solvent.

From Table 4.2 and Figure 4.1, in the case of the additional one-hour sonication, the
diameters of the flakes are clearly affected by the temperature of the supercritical carbon
dioxide. In the case of sonication at 60°C, flakes show the smallest sizes, 78.66 nm, while
at 40°C, the flakes are the largest, 153.80 nm, in comparison to other temperatures at the
same pressures. The effects of pressure are less obvious. Although the pressure changes,
the diameters of the flakes at the same temperature are relatively close to each other. At
60°C, diameter tends to increase when the pressure increases (78.66 nm, 85.28 nm, and
105.10 at the pressures of 2000 psi, 2500 psi, and 3000 psi, respectively). The diameters
are almost constant at 50°C (117.50 nm, 122.22 nm, and 121.10 nm at the pressures of
2000 psi, 2500 psi, and 3000 psi, respectively). In contrast, the diameter tends to decrease
when the pressure rises at the pressure for 40°C (153.80 nm, 144.60 nm, and 130.90 nm
at the pressures of 2000 psi, 2500 psi, and 3000 psi, respectively).

For the non-sonicated data in Table 4.2 and Figure 4.2, the results are different from
those of the sonicated samples in terms of the order of the temperature which affects the
diameter of the flake. At 60°C, the diameters of the flakes are the largest compared with
those of other temperatures at the same pressure. However, the diameters of flakes at
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50°C at the pressures of 2000 psi and 2500 psi (143.2 nm and 122.3 nm, respectively) are
lower than at 40°C (157.3 nm and 155.9 nm, respectively). The largest diameter for the
non-sonicated samples is 215.2 nm, at 60°C and the pressure of 3000 psi while the

smallest diameter is 122.3 nm at 50°C and the pressure of 2500 psi.

For the supercritical condition, the critical point of carbon dioxide is 304.1K and 7.38
MPa (30.95°C and 7070.38 psi; Table 1.2). However, the supercritical density of the
carbon dioxide depends on the temperature and pressure used to create the supercritical
condition”. For carbon dioxide, the supercritical density is high when the temperature is
slightly higher than its critical temperature and when the pressure is much higher than its
critical pressure. Therefore, in this case the supercritical density is the highest at 40°C
and 3000 psi, but is the lowest at 60°C and 2000 psi. The data shown in Table 4.2, and
Figures 4.1 and 4.2 indicates that the temperature has more of an effect on the flake
diameter than the pressure does. For the sonicated samples, the diameter increases when
the temperature decreases. This trend is the same for all pressures presented in this
experiment. In contrast, the diameters of the non-sonicated samples increase when the
temperature increases. This is because when the temperature increases, the supercritical
density of carbon dioxide decreases. The carbon dioxide molecules per unit area
decreased. Therefore, at 40°C and 3000 psi, the supercritical fluid has the highest yield of
the carbon dioxide molecules per unit area. Consequently, the graphitic flakes are
intercalated by a large number of the supercritical CO, molecules. However, the ability to
absorb the molecule per unit area of the graphite surface is limited. As a result, the
graphite layers are exfoliated and broken up into small flakes. When sonication is applied
after the supercritical carbon dioxide treatment, the diameter of the flake decreases less
than the low-critical density treated samples because the high-critical density treated
flakes are already exfoliated and broken up to small pieces. This is why the differences
between the diameter of the sonicated sample and non-sonicated sample at the high
critical density (40°C and 3000 psi) are less than that of the low critical density (60°C
and 2000 psi).
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In the case of the effect of the temperatures on the diameters of non-sonicated samples,
the high critical density at 40°C creates the smallest flakes diameters for non-sonicated
samples, followed by those of temperature at 50° and 60°C. However, the data shown in
Table 4.2 and Figure 4.2 show some differences. The diameters of the non-sonicated
flakes at the temperature of 50°C at pressures of 2000 psi (143.2 nm) and 2500 psi (122.3
nm) are less than those of 40°C (157.3 nm and 155.9 nm, respectively) which has higher
critical density at the same pressures. This is not statically significant due to high

deviation of the sample sizes obtained.

In the case of the effect of the temperature, the smallest diameters are created by the
temperatures of 60°C, followed by those of 50° and 40°C, respectively. These are the
inverse of the data set for the non-sonicated samples where the lower temperatures can
make smaller flakes in terms of the diameters. This is because in the supercritical
treatment, the carbon dioxide molecules pass through and are adsorbed between the
layers of graphite. This can cause exfoliation via expansion, due to the carbon dioxide
molecules are stacked between the graphite layers. For the high supercritical density
treatment (low temperature), the graphite layers are already exfoliated more completely
than low supercritical density treatment (high temperature), which the layers are
expanded and loosen. Therefore, applying energy to the treated graphite by sonication
breaks down these expanded and loosen layers. This is why the sonicated flakes sizes are
relatively smaller than those of non-sonicated flakes. Pressure do not affect the diameter
of the flakes as much as the temperatures do since we cannot see the exact trend of the
pressure. This may be because high deviation of obtained sample sized that may interfere

the trend of pressure effects.

4.1.1.2. Effects of pressure and temperature of supercritical carbon
dioxide (ScCO,) on z-average sizes of flakes obtained

The z-average size is another method to calculate the size of a flake. This parameter is a
log mean size of suspended particle’’. However, it is also based on Brownian motion and

laser scattering of particles’’. Therefore, z-average sizes have the same inclinations as the
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diameter sizes of various temperatures and pressures and sonicated and non-sonicated

samples as shown in Table 4.2 and Figure 4.3 and 4.4.
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Figure 4.3 The
temperatures (°C)and pressures (psi)with additional one-hour sonication. NMP was

used as a co-solvent.
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Figure 4.4 The z-average size (nm) of the graphitic flakes at different treatment
temperatures (°C) and pressures (psi) without additional sonication. NMP was used as a

co-solvent.
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In the case of the effects of temperature for the sonicated samples, at the same pressure,
the temperature of 60°C creates the smallest z-average size, followed by 50° and 40°C,
respectively. For non-sonicated samples, the smallest z-average sizes are created by 40°,
50°, and 60°C, respectively. These can be explained in the same way as with the
diameters. Repeatedly, at lower temperatures, the supercritical density of carbon dioxide
is lower than it is at higher temperatures. Therefore, the lower temperatures can break the
graphite more completely than higher temperatures, due to high amounts of the carbon
dioxide molecule per unit area of the layer surface. In contrast, at higher temperature, the
graphite flakes are not completely exfoliated but expanded due to carbon dioxide
molecules that go inside and be stacked more between the graphite layers. As a result,
the lower temperatures make a smaller z-average size for non-sonicated sample but larger
z-average sizes for sonicated samples since the expanded layers of graphite are broken up
further by sonication. These make the z-average size differences between sonicated and
non-sonicated samples of the higher temperatures larger than those of the lower
temperatures. However, for non-sonicated samples, the z-average size at 50°C (161.80
nm) is smaller than at 40°C (163.80 nm) and 2500 psi; and the z-average size at 50°C and
3000 psi is the largest (175.40 nm).

For the effects of pressure on the z-average size, higher pressure yields higher critical
density. When pressure increases, the z-average size should be decreased for non-
sonicated samples but increased for sonicated samples. However, these inclinations are
not clear, as shown in Table 4.2 and Figures 4.3 and 4.4. This might be due to the error of
high deviation of obtained sample. Moreover, they are close to each other if the
temperatures are the same. In this case, the effects of pressure on the z-average size are

minor, while temperature is a main factor that has more impact on the z-average size.

4.1.1.3. Effects of pressure and temperature of supercritical carbon
dioxide (ScCO,) on zeta potentials of flakes obtained

The zeta potential is the outer charge that covers the surface of dispersed particles in a
solution. These outer charges belong to the solution charges which are attracted by the

opposite charges on the dispersed particle surfaces’’. To maintain the stability of the
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suspended particles, the zeta potential has to be as negative or positive as much as
possible®””. Normally, dispersed particles with a zeta potential less than -30 mV or more
than +30 mV are considered to be highly stable due to high repulsive forces between the

particles in solution, which prevent reaggregation60’77.

Effect of ScCO, Temperature and
Pressure on Zeta Potential
with 1-hr Sonication
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Figure 4.5 The zeta potential (mV) of the graphitic flakes at different treatment
temperatures (°C)and pressures (psi) with additional one-hour sonication. NMP was
used as a co-solvent.
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Figure 4.6 The zeta potential (nm) of the graphitic at different treatment temperatures
(°C) and pressures (psi) without additional sonication. NMP was used as a co-solvent.

38



Table 4.2 and Figure 4.5 show the zeta potentials of the sonicated samples at various
temperatures and pressures used in the supercritical carbon dioxide treatment. The data
show that at 40°C, where the critical density is the highest, the zeta potential is lowest,
followed by 50° and 60°C, respectively. In this case, the zeta potentials at 40°C are much
lower than -30 mV, especially at 2000 psi (-56.90 mV) and 2500 psi (-57.80 mV), while
the zeta potentials at 60°C fluctuated close to -30 mV (-27.80, -28.50, and -32.20 mV at
2000, 2500, and 3000 psi, respectively). These show that flakes at 40°C are more stable
than at 50° and 60°C, respectively. This is due to the high critical density of supercritical
CO; at 40°C, which can expand the graphite layers more completely. The lower critical
densities at 60°C do not break the graphite layers as much. However, the carbon dioxide
molecules can be adsorbed without complete exfoliation or expansion. Although
sonication is applied and breaks up more flakes after the supercritical treatment, some
partly expanded flakes still exist with carbon dioxide molecules still adsorbed between
the layers. In this case, the Van der Waals forces which hold the layers together are
weaker than in the original graphite, due to the increased distances between the layers
Therefore, the stability of the dispersed flakes in terms of zeta potential is small due to
excess carbon dioxide absorption on the surface of the flake layers, thus leading to a high

degree of reaggregation.

For the non-sonicated sample data in Table 4.2 and Figure 4.6, the trends are the same as
that of the sonicated samples. The zeta potentials are the lowest at 40°C, followed by 50°
and 60°C. Except for at 2000 psi, where the zeta potential at 60°C (-32.20 mV) is lower
than that of at 50°C (-29.10 mV). However, they are close enough that this difference is
not statistically significant since they are very comparable. This may be due to error from

high dispersity in zeta potential of the suspended flakes.

In the case of the effects of pressure on the zeta potential, the trends are once again not as
clearly distinguished as those of temperatures. At 3000 psi when the critical density is
highest, the zeta potential should show the most stability. This feature can be seen for the
non-sonicated samples that, at the same temperature, 3000 psi creates the lowest zeta

potentials (-56.40 nm, -44.10 nm, and -40.80 nm at 40°, 50°, and 60°C, respectively).
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However, this is not the case for the sonicated samples since only those at 60°C follow
this hypothesis. Although the stability of the flakes cannot be related clearly to the
pressure, the zeta potentials are very close at the same temperature. In conclusion, for
diameters and z-average sizes data, the effect of supercritical pressure is not as important

as temperature.

4.1.2. Effects of sonication after supercritical carbon dioxide (ScCQO,)
treatment on sizes and zeta potentials of graphitic flakes

4.1.2.1. Effects of sonication after supercritical carbon dioxide (ScCO,)
on diameters of flakes obtained

Table 4.2 and Figure 4.7 show the comparison of the diameters between sonicated and
non-sonicated samples. The relationship shows that at the same temperatures and
pressures, the sonicated diameters are always less than those of non-sonicated samples.
This is because sonication applies energy to the sample through vibration. As a result, the
flakes are broken up into small pieces depending on how loosely they are stacked with
the high critical density treatment (40°C, 3000 psi), the flakes are already extensively
exfoliated by the attack of the carbon dioxide molecules. Although sonication is applied,
the differences of the diameter before and after doing sonication are not large as those at
low critical density (60°C, 2000 psi). This is because at low critical density the flakes and
layers are not as completely expanded due to a lower concentration of carbon dioxide
molecules between the flakes. Instead, they stack together loosely as large chunks. When
sonication is applied, these flakes are loosen and broken up vertically and hexagonally

into much small pieces, even smaller than those processed at a high critical CO, density.
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Effect of Sonication on Diameter (nm)
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Figure 4.7 The diameters (nm) of sonicated and non-sonicated samples after
supercritical(Sc) CO, treatment at different temperatures and pressures. NMP was used
as a co-solvent.

In addition, sonication also brings about homogeneity in terms of the size and stability of
the dispersed flakes in the solution. This can be observed from the zeta analysis software
shown in appendix A. Some of the results of the size analysis of the samples show the
message “Refer to quality report”. This is due to high heterogeneity in the sizes and
reaggregration of the dispersed flakes, resulting in a high Poly Dispersity Index (PDI). In
contrast, all the results for sonicated samples are labeled “good” quality (appendix A)
since sonication can break down the loosely-bonded flakes from the supercritical
treatment more completely into small pieces in the same size range. These small flakes
are separated more thoroughly from each other, so reaggregration is more difficult

compared to those without additional sonication.

The flake diameter shows no clear trend with changing pressure. In contrast, the
diameters of the flakes are clearly different at different treatment temperatures. If
temperature increases, the diameter decreases for non-sonicated samples, but increases
for sonicated samples. This shows that treatment temperature has a more significant

effect on the diameter of the flakes.
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4.1.2.2. Effects of sonication after supercritical carbon dioxide (ScCQO,)
treatment on z-average sizes of flakes obtained

Table 4.2 and Figure 4.8 show the comparison of the z-average size between sonicated
and non-sonicated samples. In the same way, the sonicated samples have lower z-average
size than that of non-sonicated samples due to the destruction of flakes from sonication.
Moreover, the z-average size difference between the sonicated and non-sonicated
samples at a high critical density temperature at 40°C is the smallest, followed by 50° and
60°C, respectively. This is due to the density of the carbon dioxide molecules at the
treatment conditions and the absorption capacity of the graphite flakes. Temperature is

still a major factor, and the effect of pressure is relatively minor.

Effect of Sonication on Z-average Size
(nm) after ScCO, Treatment

200.00 =®—40C Son
) -
£ 150.00 50C Son
)
% == 60C Son
@ 100.00 B
g =@—40C Non-son
= 50.00
N == 50C Non-son
0.00 —4—60C Non Son

2000 psi 2500 psi 3000 psi
Treatment pressure (psi)

Figure 4.8 The z-average sizes (nm) of sonicated and non- sonicated samples after
supercritical(Sc) CO; treatment at different temperatures and pressures. NMP was used
as a co-solvent.

Similar to the diameter results, the zeta analyzer software shows “good” result quality for
sonicated samples, but often displays “referring to quality report” for non-sonicated
samples (appendix A). This is because additional sonication makes the particle sizes
more homogeneous and stable. This can be explained for the same reasons as

supercritical treatment, which does not completely exfoliate and break down the flakes
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the first time, so the layers of the treated flakes may be partly expanded and still be
loosely bonded together by Van der Waals forces. Applying sonication provides energy
to these expanded flakes, which are then the flakes are cracked and broken up into small
pieces. In the case of the flakes that already broken into the small pieces by the
supercritical treatment, although sonication is applied, the differences in sizes are not as
significant. That is why the differences between the z-average size and the diameter of
the sonicated and non-sonicated samples at the high critical density are less than those

treated at the low critical density.

4.1.2.3. Effects of sonication after supercritical carbon dioxide (ScCQO,)
treatment on zeta potentials of flakes obtained

Since sonication can break the loosely stack flakes into smaller flakes, the sonicated
flakes should be more stable than non-sonicated flakes. The data in Table 4.2 and Figure
4.9 show that the zeta potentials of the sonicated flakes have more negative charges than
that of non-sonicated flakes at the same temperature and pressure. Although, at 3000 psi,
the zeta potentials of the non-sonicated are less than that of sonicated flakes at the same

termperature, they are close enough not to be statically different.

Effect of Sonication on Zeta Potential
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Figure 4.9 The zeta potentials (mV) of sonicated and non-sonicated samples after
supercritical(Sc) CO; treatment at different temperatures and pressures. NMP was used
as a co-solvent.
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4.1.3. Effects of co-solvents on sizes and zeta potentials of graphitic
flakes

4.1.3.1. Effects of co-solvents of supercritical carbon dioxide (ScCQO,)
treatment on diameters of flakes obtained

Co-solvents were used to increase the solvating power of the supercritical CO,>.
Moreover, they also served to disperse the treated flakes and carry them out of the
pressure cell through the pressure release valve. NMP, DMF and isopropanol were used
due to their range of polarities to study the effect of co-solvents on the supercritical
processing. The PCS results show the diameter, z-average size, and zeta potential of the

flakes obtained from each experimental condition in Table 4.3.

Table 4.3
Sizes and the zeta potentials of graphitic flakes after the supercritical CO, treatment with
different co-solvents. The processes were run at different temperatures (40°, 50° and

60°C) and 3000 psi with and without additional one-hour sonication.

Parameter | Co-solvent Sonication Non- Sonication
40°C | 50°C 60°C | 40°C | 50°C | 60°C
Diameter | NMP 1309 | 121.1 105.1 | 151.9 | 160.9 | 2152
(nm) DMF 191.2| 153.6 82.27 | 253.7 | 178.9 | 277.5
Isopropanol| 290.1 | 314.9 291.5 | 231.6 | 236.8 | 217.8
Z-average| NMP 111.4| 102.7 85.58 | 121.1 | 1754 | 133.6
size (nm) | DMF 181.2| 123.1 81.87 | 198.2 | 122.1 | 1979
Isopropanol| 202.2 | 262.7 247.1 | 226.2 | 2439 | 218.2
Zeta NMP -43.5| -39.1 -32.2 | 435 | -39.1 -32.2
potential DMF -47.1 | -63.6 -60.5 | 47.1 | -63.6 | -60.5
(mV) [Isopropanol| -25.4 | -28.5 -29.1 | -25.4 | -28.5 -29.1
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Effect of the Co-solvents used in ScCO,
on Diameter (nm) with 1-hr Sonication
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Figure 4.10 The diameter (nm) of graphitic flakes with different co-solvents used and
treatment temperature (°C) at 3000 psi with additional one-hour sonication.
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Figure 4.11 The diameter (nm) of graphitic flakes with different co-solvents used and
treatment temperature (°C) at 3000 psi without sonication.

For non-sonicated samples (Table 4.3 and Figure 4.11) the N-mehtyl pyrrolidinone
(NMP) flakes are the smallest. For the isopropanol- and dimethylformamide (DMF) —
flakes, the diameters trends are unclear: the isopropanol diameters are smaller at 40° and

60°C but larger at 50°C. Moreover, the diameter of the NMP for non-sonicated sample at
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60°C (215.20 nm) is very close to that of the isopropanol (217.80 nm). This case of the

effects of temperature, the relationship between diameters and temperatures are unclear.

As for the diameters of the sonicated samples (Table 4.3 and Figure 4.10), the NMP-
diameters are the smallest, followed by the DMF- and isopropanol-diameters,
respectively, at the same treatment termperatures and 3000 psi. However, at 60°C, the
diameter of the DMF-sample (82.27 nm) is the smallest, and smaller than that of the
NMP-sample (105.10 nm). Moreover, the diameters of the flakes tend to decrease when
the temperature increases for NMP and DMF, but for the isopropanol-flakes, the trend is
not clear (290.10 nm, 314.90 nm, and 291.50 nm at 40°, 50°, and 60°C, respectively).
This might be due to reaggregation. Obviously, the isopropanol-diameters are much
larger than those of NMP- and DMF-diameters which are close to each other. This also
might be due to reaggregration of the flakes. Since isopropanol has a low dielectric
constant (Table 3), it cannot maintain the stability of the flakes. Consequently, those
smaller flakes become reaggregated after sonication. This occurs less in the organic

solvents with high dielectric constant like NMP and DMF (Table 1.3).

In conclusion, NMP and DMF which have high dielectric constants, can maintain the
stability of the flakes by preventing reaggregation better than isopropanol, which has a
low dielectric constant. As a result, the diameters of the NMP- and DMF-flakes are
smaller than those of the isopropanol-flakes. This can be observed clearly in sonicated
samples (Figure 4.10) since sonication breaks the graphitic flakes into smaller pieces
after supercritical treatment. Those small and sonicated flakes are less stable than the

flakes before sonication.

4.1.3.2. Effects of co-solvents of supercritical carbon dioxide (ScCQO,)
treatment on z-average sizes of flakes obtained

Table 4.3 and Figures 4.12 and 4.13 show the data of the z-average size (nm) of the
flakes obtained at 3000 psi with various temperatures (40°, 50°, and 60°C, respectively)

for sonicated and non-sonicated samples. The effects of different co-solvents (NMP,
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DMF, and isopropanol) used in the supercritical carbon dioxide treatment on the z-
average sizes, are observed and compared to each other. The results show the same trends
as the diameters sizes. For the non-sonicated samples, the NMP- and DMF-flakes have
the smallest z-average ranges followed by the isopropanol-flakes. However, the
relationship between the z-average sizes of each co-solvent and the temperature is not

clear. These might be due to high polydispersity index (PDI) of the sample (Appendix A).

Effect of the Co-solvents used in
$cCO, on Z-average size (nm) with
1-hr Sonication
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Figure 4.12 The z-average sizes (nm) of graphitic flakes with different co-solvents used
and treatment temperature (°C) at 3000 psi with additional one-hour sonication.
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Figure 4.13 The z-average sizes (nm) of graphitic flakes with different co-solvents used
and treatment temperature (°C) at 3000 psi without sonication.
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In the case of the sonicated flakes, the NMP- diameters are the smallest, followed by the
DMF- and Isopropanol, respectively, except at 60°C, for which the DMF-flakes (81.87
nm) is are comparable to the NMP-flakes (85.58 nm). Both of these organic solvents have
high dielectric constants. The relationship between the temperatures and the z-average
sizes for these two solvents show that when temperature increases, the z-averages of each
co-solvent tend to decrease due to the sonication effects on the low critical density of the

supercritical treatment. However, for isopropanol, no clear trend is observed.

These results can be explained in the same way as the differences in diameters were.
NMP and DMF are the best co-solvents for dissolving in the supercritical carbon dioxide
in order to exfoliate the graphite layers into the smallest flakes, and maintaining the
stability of those flakes after the treatment due to their high dielectric constant.
Isopropanol cannot prevent flake reaggregation due to its low dielectric constant.
Therefore, the z-average sizes of the isopropanol-flakes are larger than those of the NMP-

and DMF- flakes for both sonicated and non-sonicated samples.

4.1.3.3. Effects of co-solvents of supercritical carbon dioxide (ScCO,)
treatment on the zeta potentials of obtained flakes

For the non-sonicated samples (Table 4.3 and Figure 4.15), the NMP- and DMF treated
flakes are stable since their zeta potentials are much less than -30 mV. Although the zeta
potentials of the DMF treated flakes are somewhat less than that of the NMP treated
flakes, in general, they are comparable to each other. For the isopropanol treated flakes,
the zeta potentials have very small negative charges (-8.52, -13.80, and -12.00 mV for
40°, 50°, and 60°C, respectively), and much smaller than -30 mV. This means the
isopropanol treated flakes are much more likely to experience reaggregation due to small

repulsive force of the same charge.

The trend is the same in the sonicated sample (Table 4.3 and Figure 4.14), the DMF-
flakes should be most stable since thery have the highest negative charges. This is due to
DMF, which has the highest dielectric constant compared to those of NMP and

isopropanol. However, the NMP-flakes should also be stable since the zeta potential is
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lower than -30 mV. In the case of isopropanol, although the zeta potentials are higher, the
zeta potentials do not exceed the stable ranges (more than +30 mV or less than -30

mV)"”. Therefore, the isopropanol treated flakes are not stable in suspension.

Effect of the Co-solvents used in ScCO,
on Zeta Potential (mV)
with 1-hr Sonication
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Figure 4.14 The zeta potential (mV) of graphitic flakes with different co-solvents used
and treatment temperature (°C) at 3000 psi with additional one-hour sonication.
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Figure 4.15 The zeta potential (mV) of graphitic flakes with different co-solvents used
and treatment temperature (°C) at 3000 psi without sonication.
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4.1.3.4. Effects of sonication after supercritical carbon dioxide (ScCQO,)
treatment on sizes and zeta potentials of flakes obtained with different
co-solvents

Comparing the effects of the sonication on the diameters of the flakes of different co-
solvents used in the supercritical treatment (Table 4.3 and Figure 4.16), all NMP- and
DMF-flakes show the same trend. The diameters are relatively smaller after sonication.
However, for the isopropanol treated flakes, the sonicated diameters are larger than the
non-sonicated diameter at the same temperatures. This is due to the non-sonicated flakes
of isopropanol not being as stable as shown by the zeta potentials data (Table 4.3 and
Figure 4.15). These flakes more readily reaggregate with each other. After sonication, the
flakes are broken down into smaller pieces which are less stable than before. Therefore,
reaggregation occurs faster and easier than those before sonication. The diameters shown
for the sonicated flakes treated in isopropanol are the diameters those which are already

reaggregated, and are therefore larger than the non-sonicated diameters.

For the effects of sonication on the z-average sizes (Table 4.3 and Figure 4.17), the trends
are the same as that of the diameters. However, since the z-average sizes are calculated
from the mean of the size distribution, there is less difference in the z-average sizes than
the diameters. Form the data (Table 4.3 and Figure 4.12, and 4.13), at 40°C, the z-average
size of the non-sonicated isopropanol-flakes (226.20 nm) is slightly larger than that of the
sonicated flakes (202.20 nm), and at 50°C, the z-average size of non-sonicated DMF
flakes (122.10 nm) is essentially the same as that of the sonicated flakes (123.10 nm).
This might be due to the PDI of the non-sonicated flakes, which more variance in the

results.
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Figure 4.16 The diameters (nm) of sonicated and non-sonicated samples from different
co-solvents used and treatment temperatures at 3000 psi.
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Figure 4.17 The diameters (nm) of sonicated and non-sonicated samples from different
co-solvents used and treatment temperatures at 3000 psi.

For both sizes measurements, it is obvious that sonication brings about more
homogeneity in the sizes of the flakes. The evidence can be observed in appendix A

which shows the PCS analyzing software. For the sizing analysis, most of the non-
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sonicated flakes show the message: “Refer to quality report” for the result quality, which
means these obtained data are not punctually sharp. This might be due to the solution
containing inhomogeneous sizes (high PDI) or reaggregations of flakes’'. After
sonication, the software shows “good” result quality for most samples, which mean the
deviation of the suspended flakes is low (observed from low PDI, appendix A). This
might be due to the sonicated samples being more homogeneous in size. The sonication
makes the samples more homogeneous since the energy from vibration is transferred

equally to the flakes, and the flakes are broken down to the same degree.
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Figure 4.18 The zeta potential (mV) of sonicated and non-sonicated samples from
different co-solvents used and treatment temperatures at 3000 psi.

In the case of the effects of sonication on the zeta potentials, the zeta potentials of the
NMP- and DMF-sonicated samples tend to be smaller (lower) in terms of the negative
charges than those of non-sonicated samples. This is because sonication breaks the
graphitic flakes into small pieces. These broken pieces become less stable since they are
smaller than those before sonication. Therefore, reaggregation could occur more easily
than in large pieces. However, these are not important effects since the zeta potential of

both the NMP- and DMF- samples before and after sonication are considered stable (the
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zeta potentials less than -30 mV). Moreover, the zeta potentials of the samples before and
after sonication are very similar. This trend is different from that in the isopropanol
treated samples. In that case, the zeta potentials of the sonicated samples are
approximately two times stronger than those of the non-sonicated samples in term of the
negative charges. For isopropanol samples, both sonicated and non-sonicated samples
may undergo reaggregation since their surface charges are less than -30 mV. In the
sonicated samples, the flakes are broken up into smaller flakes and are more unstable

than before. These broken flakes can be reaggregated more easily.

4.1.4. Effects of treatment times on sizes and zeta potentials of graphitic

flakes

To study the effects of the treatment times at one, two, and three hours on the sizes and
the zeta potentials of the graphitic flakes, the supercritical carbon dioxide is set at 60°C
and 3000 psi for one, two, and three hours. Additional one-hour sonication is applied
after the supercritical treatment to compare with those of non-sonicated samples of each
time. Table 4.4, Figure 4.19, 4.20, and 4.21 show the data of the diameters, z-average
sizes, and zeta potentials of the flakes, respectively, for one-, two- and three-hour

treatments with NMP with and without sonication.

Table 4.4
The sizes and zeta potentials (mV) of flakes obtained from the 1-hour, 2hour, and
3-hour treatment at 3000 psi and 60°C, with and without additional 1-hour sonication.

NMP was used as a co-solvent.

Condition |Time (hr) | Dimension (nm) | Z-ave.size (nm) |Zeta potential (mV)
3000psi/60 °C 1 105.10 85.58 -32.20
Sonication 2 137.70 168.30 -44.70
3 161.70 235.10 -45.90
3000psi/60 °C 1 215.20 133.60 -40.80
No sonication 2 225.80 173.70 -47.10
3 446.40* 1489.00* -50.40

* = the result is low quality due to a high PDI
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Figure 4.19 Effects of treatment time of supercritical CO, treatmrnt on diameter (nm) of
graphitic flakes with and without additional sonication. NMP was used as a co-solvent.
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Figure 4.20 Effects of treatment time of supercritical CO; treatment on z-average size
(nm) of graphitic flakes with and without additional sonication. NMP was used as a co-
solvent.
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Figure 4.21 Effects of treatment time of supercritical CO, treatment on zeta potential
(mV) of graphitic flakes with and without additional sonication. NMP was used as a co-
solvent.

In the case of the particle sizes, both diameters (Figure 4.19) and z-average sizes (Figure
4.20) have the same tendency to increase when treatment time increases. From Table 4.4,
the diameters of sonicated flakes are 105.10 nm, 137.70 nm, and 161.70 nm for; and the
z-average sizes are 85.58 nm, 168.30 nm, and 235.10 for 1, 2 and 3 hours treatment time,
respectively. In the case of non-sonicated sample, the diameters of sonicated samples are
215.20 nm and 225.80 nm; and the z-average sizes are 133.60 nm and 173.70 nm for 1
and 2 hours treatment time, respectively. These are the same for both sonicated and non-
sonicated samples. This may due to when the treatment time increases, the larger areas of
graphite powder are exfoliated. As a result, we obtain larger flat graphenic materials. The
non-sonicated sizes at 3 hours treatment time are not plotted in this case, since the PDI is

extremely high (mean low accuracy of the data) (Figure A.19 (Appendix A)).

Examining zeta potentials with respect to treatment times (Figure 4.21), the zeta
potentials tend to be more negative as the treatment times increase. However, the
treatment time does not have a large effect on the zeta potential in sonicated sample (-

32.20, -44.70, and -45.90 mV for 1, 2, and 3 hours treatment, respectively) and non-
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sonicated sample (-40.80, -47.10, and -50.40 mV for 1,2, and 3 hours treatment,
respectively). This may be because of the same reason that we obtain larger flat area
sample since larger areas of graphite are exfoliated due to increasing of the treatment
time. This large flat area sample has more stability due to the size is larger than that of
shorter treatment. The zeta potentials of sonicated samples are less negative than non-
sonicated samples at the same treatment time due to the flakes are broken down into
smaller sizes from sonication. However, they are relatively close to each other and

considered stable since the charges are more negative than -30 mV.

4.2. Brunauer, Emmett, and Teller (BET) analysis

BET surface area analysis was done for both the N, and CO, adsorption. For the N,
adsorption analysis, the analysis was done on untreated and treated graphite at different
treatment conditions and co-solvents. The treated samples were selected from the highest
(at 3000 psi, 40°C) to the lowest supercritical density treatment (at 2000 psi, 60°C) for
easy comparison. For the comparison of the surface area of the sample obtained from
different co-solvents treatment, the condition of 3000 psi and 40°C was fixed since, from
the PCS data, the graphite layers were the most completely exfoliated and broken up.
Therefore, the difference might be more easily noticed. In the case of the CO, adsorption,
the purpose was to prove our hypothesis that CO, molecules could pass between the
graphite layers better than N, and compare the surface area between untreated and treated
graphite. Since the adsorption process for CO; is very long due to its ability to intercalate
between the layers, only untreated and graphite treated at 3000 psi and 40°C, the most
highly exfoliated flakes, were analyzed. The experimental analysis and results of the BET
for several samples are shown in Table 4.5 and 4.6, respectively. The BET surface area
plots and the BET isotherm linear plots are shown in Figure 4.23-4.25 and 4.26-4.28,

respectively.
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Table 4.5
The BET experimental analysis. a = NMP, b = DMF, ¢ = isopropanol,
1 = analysis with N, adsorption, and 2 =. analysis with CO, adsorption

Condition [Pressure (psi) 40°C 50°C 60°C
Sonication 2000
2500
3000
[No 2000 a(1)
Sonication 2500 a(1)
3000 a(1,2),b(1),c(1) a(l) a(1)
Graphite (1,2)
Table 4.6
The BET surface areas of samples obtained from different supercritical carbon dioxide
conditions.
Condition Gas Co-solvent | BET Surface Area (mz/g)
Graphite N, NMP 8.29
3000 psi, 40°C N, NMP 9.54
3000 psi, 50°C N, NMP 8.47
3000 psi, 60°C N, NMP 8.26
2500 psi, 60°C N, NMP 5.07
2000 psi, 60°C N, NMP 5.80
3000 psi, 40°C N, Isopropanol 7.53
3000 psi, 40°C N, DMF 10.00
Graphite CO, NMP 381.01
3000 psi, 40°C CO, NMP -29.22
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Figure 4.22 The differences in BET surface areas (m’/g) of various samples prepared by
different supercritical conditions, co-solvents, with N, adsorption.

BET Surface Area Plot with N,
Adsorption for NMP-Samples

6 # Graphite

5 - .
— x ®3000psi,40C
I o

X [ ]
ﬂ\f 3 X o 4 3000psi,50C
3 : ya®
* [ ]

=2 Y x 3000psi,60C
- é

1 l—‘

0 * 2500psi,60C

0 0.1 0.2 0.3 0.4

© 2000psi,60C
Relative Pressure (P/P)

Figure 4.23 The BET surface area plot between relative pressure (P/Py) and value of
1/[Q(Po/P - 1)] with N, absorbtion of samples from different supercritical treatments.
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Figure 4.24 The BET surface area plot between relative pressure (P/Py) and value of
1/[Q(Po/P - 1)] with N, absorbtion of samples from different co-solvents used in
supercritical treatments at 3000 psi, 40°C.
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Figure 4.25 The BET surface area plot between relative pressure (P/Py) and value of
1/[Q(Po/P - 1)], between N, and CO; absorbtion of NMP-samples treated in
supercritical treatments at 3000 psi, 40°C.
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From Table 4.6 and Figure 4.22, the BET surface areas with N, adsorption of measured
samples are slightly different from each other. This is because the low polarity of N,
limits its ability to access the small volume between graphite 1ayers76. Consequently, the
absorption of N, can occur only on the outside of the graphite surface. This is completely
different using CO; as the adsorption gas. In this case, although the molecule size of CO,
is close to that of N, CO, has higher polarity than that of N275’76. This allows carbon
dioxide molecules to pass through and be adsorbed between the graphitic flakes. As a
result, the BET surface area of untreated graphite with CO, adsorption is significantly
higher than that of N,.

In the case of N, adsorption for NMP treated samples, the samples at 2500 psi and 60°C
and at 2000 psi and 60°C had the smallest surface areas (5.07 and 5.80 m?/g,
respectively), while at 3000 psi, 40°C had the largest surface area (9.54 m?/g), larger than
untreated graphite powder (8.29 m?g). This is because at 3000 psi and 40°C, the
supercritical density of the supercritical carbon dioxide is the highest. Therefore, it can
exfoliate and break down the graphite layer more completely than at a lower supercritical
density. Consequently, the surface area measured by N, adsorption at this condition is the
highest. In contrast, the supercritical carbon dioxide density at 2000 psi and 60°C is the
lowest. At this condition, during the supercritical treatment, the graphite layers are not
exfoliated as completely as at the highest critical density condition. Instead, the layers are
expanded by the supercritical molecules of carbon dioxide which pass through and are
adsorbed between the layers. This carbon dioxide adsorbed from the supercritical
treatment may block the N, molecules during the BET surface measurement. As a result,
the N, molecules are adsorbed less on the surface, and the measured surface area is less
than the untreated graphite or high supercritical density treated graphite. Therefore, the
sample at 2500 psi and 60°C should have more surface area than that of 2000 psi and
60°C. However, from Table 4.5 and Figure 4.22, the surface area of the 2500 psi and
60°C sample (5.07 m*/g) is slightly smaller than that of the 2000 psi and 60°C sample
(5.80 m?%g). This is not significant and may be due to error in manually sample

weighting. Figure 4.23 shows the plot between relative pressure (P/Py) and the value of
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1/[Q(Po/P - 1)] of each sample. Using the BET equation’’, the BET surface area can be

calculated from the binomial equation of those lines.

To determining the effects of different co-solvents on the surface area with N, adsorption,
the samples were run at supercritical condition of 3000 psi and 40°C with NMP, DMF
and isopropanol. The surface areas are similar; however, the surface area of DMF-sample
is the largest (10.00 mz/g), followed by those of NMP treated sample (9.54 mz/g) and
isopropanol treated sample (7.53 m?/g), respectively (Table 4.5 and Figure 4.22). The low
surface area of the isopropanol-sample may be due to reaggregation. Figure 4.24 shows
the plot between relative pressure (P/Py) and the value of 1/[Q(Po/P - 1)] of each co-

solvent used in the supercritical treatment at 3000 psi, 40°C.

In the case of CO, adsorption, the untreated graphite and treated sample at 3000 psi and
40°C were tested and compared with those of the N, adsorption. For the untreated
graphite, the CO, adsorptive can provide much more surface area (381.01 m?/g) than that
of the N, adsorption (8.29 mz/g) due to high polarity of CO,”°. However, for the treated
sample, the surface area is negative (-29.22 m?/g). This might be due to the adsorbed
carbon dioxide molecules from the supercritical treatment. When the CO, from the BET
try to pass thought between the sample layers, they cannot be adsorbed since they are
already occupied by the molecules from the supercritical treatment. Instead of adsorbing
the BET CO,, the treated sample releases CO, stored between the layers during handling
in the experiment. Consequently, the release CO, molecules are greater than that
adsorbed. That is why the surface area calculated is negative for the treated sample. This
does not occur with N,. N, molecules are adsorbed only on the outer surface of the
sample. Figure 4.25 shows the plot between relative pressure (P/Py) and the value of
1/[Q(Po/P - 1)] of N, and CO, adsorption of untreated graphite and treated graphite at
3000 psi, 40°C with NMP as a co-solvent.

Ghosh A et al. measured the surface areas of graphene using BET with H, and CO,

adsorption®. The graphenic samples were synthesized from the method using graphene

>>% and nanodiamond transformation’'. As a result, BET surface areas of graphene
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synthesized from graphene oxide were 639-1550 m’/g; and from nanodiamond
conversion are 280-1013 m?/g, while completely single layer graphene is expected to
have a surface area of 2600 m?/ g66. These show that the surface areas of graphene do not
only depend on types of the adsorption gas, but also synthesis methods. The surface areas

measured are less than what is expected in the single layer graphene.

For isotherm linear plot which show the relationship between the quantity absorbed
(mmol/g) and relative pressure (P/Py), the plots are shown in figure 4.26, 4.27, and 4.28.
Figure 4.26 shows the relationship of the samples with N, adsorptive gas. The
relationship shows that when the relative pressure increases, the quantity adsorbed tends
to decrease at the beginning. However, when the relative pressure approaches one, the
quantity adsorbed increased dramatically. This shows that when the equilibrium pressure
of the sample (P) is equal to the saturated pressure of the sample (Py), P/Py =1, the ability
to absorb gas reaches its highest point. Moreover, the order of the conditions for quantity
absorbed at the same relative pressure points of the samples is (from highest to lowest)
3000 psi and 40°C; 3000 psi, and 50°C; 3000 psi and 60°C; untreated graphite; 2000 psi
and 60°C; and 2500 psi and 60°C; respectively. The surface area is determined by the
quantity of the adsorbed gas on the sample; therefore, the surface areas have the same

order.
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Figure 4.26 The isotherm linear plot between relative pressure (P/Py) and quantity
absorbed (mmol/g) of N> adsorption for the original graphite and NMP treated graphites
from different conditions of supercritical treatment.
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Figure 4.27 The isotherm linear plot between relative pressure (P/Py) and quantity
absorbed (mmol/g) of N, adsorption for the treated graphites with different co-solvents
used in supercritical treatment at 3000 psi and 40°C.
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Isotherm Linear Plot with N, and
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Treated Graphite
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Figure 4.28 The isotherm linear plot between relative pressure (P/Py) and aquantity
absorbed(mmol/g) of N> and CO; for the original and treated graphites. The supercritical
treatment was operated at 3000 psi, 40°C with NMP as a co-solvent.

For the relationship between the quantity absorbed (mmol/g) and relative pressure (P/Py)
of the samples with different co-solvents used, a plot is shown in Figure 4.27. The
samples were treated at supercritical condition of 3000 psi and 40°C with NMP, DMF,
and isopropanol as co-solvents. The trend of the relationship is similar to that in Figure
4.26 and can be explained in the same way. The quantity of N, absorbed of the NMP- and
DMF- samples are equal at the same relative pressures. However, that of isopropanol-
sample is noticeably lower than those of the NMP- and DMF- samples. This may be due
to reaggregation of the flakes. Since isopropanol has the lowest dielectric constant
compared to those of NMP and DMF, reaggregation occurs significantly in the
isopropanol sample before the degasification process. This reaggregation reduces the
adsorbing surfaces of the flakes. As a result, the N, molecules are somewhat less

adsorbed and the surface area is the lowest for isopropanol-sample.

For the effects of different adsorptive gases on the quantity adsorbed, the N, and CO,
gases were used as adsorptive materials. The untreated graphite and treated graphite at

3000 psi and 40°C, with NMP co-solvent, were used in the comparison. The relationship
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between the quantity absorbed (mmol/g) and relative pressure (P/Py) of N, and CO,
adsorptive gases is shown in Figure 4.28. For CO,, the absorption increases dramatically
even at very low relative pressure. This means when CO; gas is injected into the sample,
it is absorbed immediately due to its ability to pass readily between the graphitic layers.
When it reaches a maximum point, the quantity adsorbed becomes stable. The relative
pressure increases at this point since CO,; molecules are no longer adsorbed. The
untreated graphite adsorbed more CO;, molecules than the treated graphite due to more
unoccupied spaces. When compared with the quantity absorbed of N, molecules, the

quantity adsorbed of CO; is much more significant at the same conditions.

4.3. FE-SEM images

The purpose of FE-SEM analysis is to observe the shape and morphology of the flakes
obtained. Therefore, there is no need to do the analysis for flakes obtained at all treatment
conditions. The samples obtained from the highest temperature treatment (60°C) were
analyzed because the PCS data shows that the flakes at 60°C and 2000 psi without
sonication were the largest. However, the sample obtained from 40°C and 3000 psi was
also observed in 9.94 mg/mL SDBS solution for more comparison. The 0.5 mg/mL
SDBS solution left some undesirable residue. This residue ultimately conceals the
appearance of the flakes in the FE-SEM image. To avoid the effect of the remaining
surfactant, the samples were prepared in two ways. The first method was to deposit the
NMP sample containing flakes directly onto the sample holder. NMP will evaporate
completely without any residues. Only the flakes will remain on the sample holder. The
second method is to drop the NMP sample into a 9.94 mg/mL SDBS solution (1% w/w of
SDBS in water). At this concentration, the residue will cover all of the sample holder
surface, including the deposited flakes. The deposited flakes were also observed under
this condition. In this analysis, the Hitachi S-4700 FE-SEM is used to observe the
graphitic flakes. The samples prepared at 60°C with the pressures of 2000, 2500, and
3000 psi are observed. The samples do not need to be coated by metal before doing FE-
SEM since they are conductive. Moreover, coating interferes with the flakes appearance

on the FE-SEM images. The beam energy, working distance and scan speed were

65



adjusted to yield the highest quality of the images. The experimental analysis are shown
in Table 4.7.
Table 4.7
The experimental analysis for FE-SEM.

Condition Pressure (psi)] 40°C 50°C 60°C
INMP 2000 Y
[No sonication 2500 Y

3000 Y
9.94 mg/mL SDBS 2000 Y
Sonication 2500 Y
3000 Y Y

4.3.1. FE-SEM images for the samples in N-methyl pyrrolidinone
(NMP) without additional sonication

Figure 4.29 shows the FE-SEM image of sampled NMP after 60°C and 3000 psi
treatment with 3kx magnification. The deposited flakes, small pale pieces, are scattered
randomly on the sample holder. Most of the flakes are less than 0.5 micron. These sizes
are comparable to the diameter (215.20 nm) and z-average size (133.60 nm) of the NMP
treated flakes with no sonication at 60°C and 3000 psi of the PCS data (table 4.2).
However, several large pieces with diameters larger than one micron, occur. This may be
due to reaggregation since the sample holder was coated three times The roughness of the

sample holder is shown as unordered pattern on the background.
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Figure 4.29 FE-SEM image of NMP treated sample from 60°C and 3000 psi treatment.
The Hitachi S-4700 FE-SEM was used at 5.0 kV beam energy, 4.9 mm working distance,
and 5kx magnification, with slow scan speed. The sample holder was dosed three times.

From Figure 4.30, which show the FE-SEM images of sampled NMP after 60°C and
2500 psi treatment with 6kx magnification, the deposit flakes, small pale pieces, are
scattered randomly on the sample holder. Their sizes are approximately 0.5 micron in
diameter. These sizes are comparable to the diameter (207.10 nm) and z-average size
(167.80 nm) of non-sonicated samples observed by the PCS analysis of the treated flakes
at 60°C and 2500 psi (Table 4.2). Reaggregation cannot be observed clearly since the
sample holder was dosed once. The roughness of the sample holder is shown as

unordered pattern on the background.
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Figure 4.30 FE-SEM of NMP treated sample from 60°C and 2500 psi treatment. The
Hitachi §-4700 FE-SEM was used at 5.0 kV beam energy, 5.0 mm working distance, and
6k x magnification, with fast scan speed. The sample holder was dosed once.

Figure 4.31 shows the FE-SEM images of sampled NMP after 60°C and 2000 psi
treatment with 10kx magnification, respectively. The supercritical density of CO, is
lowest at this condition. From the PCS data, the non-sonicated flakes are the largest,
compared to other conditions. From the images, the deposit flakes show some unique
patterns with approximately sizes one micron. This might be because at 60°C and 2000
psi, where the supercritical density is the lowest, the flakes were not exfoliated and
broken down as much as at higher supercritical density. Therefore, the sizes are larger
than those of at higher supercritical density. However, the flakes in Figure 4.36-4.38 are
relatively larger than the diameter (175.50nm) and z-average size (167.80) of non-
sonicated samples shown at this condition in the PCS data (table 4.2). This may be
because the FE-SEM specifically observes the samples in a small area, and does not

calculate the distribution data as completely as the PCS do.
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Figure 4.31 FE-SEM of NMP treated sample from 60°C and 2000 psi treatment. The
Hitachi §-4700 FE-SEM was used at 5.0 kV beam energy, 5.0 mm working distance, and
10k* magnification, with fast scan speed. The sample holder was dosed once.

In conclusion, for samples collected in NMP without additional sonication (Figures 4.29-
4.31), the flakes appear to be in a very small size range. The largest sizes are
approximately one micron, while the smallest sizes are smaller than 0.5 microns. Large
chunks (two microns) could be due to reaggregation. Reaggegation of the flakes is clearly
noticeable for the treatment at 60°C and 3000 psi (Figures 4.29). This is due to the
preparation procedure of the FE-SEM sample that used three dosages of the samples onto
the sample holder, while other NMP treated samples are only one dosage. The
relationship between the sizes and the pressures is not clear from these images. The

flakes appear in many shapes and sizes.
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4.3.2. FE-SEM images for the samples in a one percent by weight
solution of sodium dodecylbenzene sulfonate (SDBS) with additional
one-hour sonication

The FE-SEM images of samples in 9.94 mg/mL SDBS surfactant are shown in Figure
4.32-4.35. Figure 4.32 shows the FE-SEM image of the sonicated flakes at 60°C and
3000 psi treatment in 9.94 mg/mL SDBS surfactant at 3kx magnification, respectively.
The images show different features than the flakes prepared in NMP (Figure 4.29-4.31).
In this case, the flakes are larger with approximate sizes more than three microns. The
sizes are relatively larger than the diameter (105.10 nm) and z-average size (85.58 nm)
shown in the PCS data of the sonicated flakes at 60°C and 3000 psi (Table 4.2). This
might be because the small flakes reaggregate due to the low stability of the water-based
surfactant (SDBS). Some reaggregation can be seen in Figure 4.32. Moreover, several
layers can be clearly seen in many flakes. This shows that most of the flakes are not a
single layer material. The roughness of the sample holder cannot be observed since the

surface is covered by the SDBS surfactant residue.
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Figure 4.32 FE-SEM image of the sample from 60°C and 3000 psi treatment in a 1% w/w
solution of SDBS. The Hitachi S-4700 FE-SEM was used at 1.0 kV beam energy, 5.1 mm
working distance, and 3k* magnification, with fast scan speed. The sample holder was
dosed three times.

Figure 4.33 show the FE-SEM image of the sonicated flakes with 60°C and 2500 psi
treatment in 9.94 mg/mL SDBS surfactant at 3kx magnification, respectively. The sizes
of the flakes are various (Figure 4.33). If compared with those of at 60°C and 3000, the
layers of the flakes at 60°C and 2500 psi cannot be seen as clearly as at 60°C and 3000.
This might be due to the effect of sonication since at 60°C and 2500 psi, the layers were
not exfoliated or broken up as completely as at 60°C and 3000 psi. Therefore, when
sonication was applied, the sonicated flakes of 60°C and 2500 psi became more
exfoliated and broken down than the sonicated flakes treated at 60°C and 3000 psi. As a
result, the layers of the flakes of 60°C and 2500 psi are less visible than those of 60°C
and 3000 psi after sonication. This result is in agreement with the PCS data. However, the

sizes are larger than the diameter (85.28 nm) and z-average (96.86 nm) of the PCS
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analysis for the sonicated sample at 60°C and 2500 psi due to low stability of the water-
based surfactant (SDBS).
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Figure 4.33 FE-SEM image of the sample from 60°C and 2500 psi treatment in a 1% w/w
solution of SDBS. The Hitachi S-4700 FE-SEM was used at 1.0 kV beam energy, 5.2 mm
working distance, and 3k* magnification, with fast scan speed. The sample holder was
dosed three times.

Figure 4.34 shows the FE-SEM image of the sonicated flaked of 60°C and 2000 psi
treatment in 9.94 mg/mL SDBS surfactant at 3kx magnification, respectively. The images
show that these flakes are obviously smaller than those of 60°C and 3000 psi (Figure
4.32) and 60°C and 2500 psi (Figure 4.33). Moreover, the layers of the flakes are difficult
to see. This could be explained using the PCS data (Table 4.2). At 60°C and 2000 psi, the
treated flakes are the largest if compare with other conditions due to low supercritical
density, which leads to low degree of exfoliation. However, when sonication was applied,
these incompletely exfoliated flakes are broken up and exfoliated more than those treated
at high supercritical density where the flakes are more completely exfoliated. As a result,
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the sonicated flakes at 60°C and 2000 psi are smaller and contain fewer layers. Also, the
sizes are relatively larger than the diameter (78.66 nm) and z-average (82.15 nm)
obtained from the PCS analysis for the sonicated sample at 60°C and 2500 psi due to low
stability of the water-based surfactant (SDBS).

'SA700 1,08V 5:2mm x3 00K SE(W- . |

Figure 4.34 FE-SEM image of the sample from 60°C and 2000 psi treatment in a 1% w/w
solution of SDBS. The Hitachi S-4700 FE-SEM was used at 1.0 kV beam energy, 5.2 mm

working distance, and 3k* magnification, with fast scan speed. The sample holder was
dosed three times.
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Figure 4.35 FE-SEM image of the sample from 40°C and 3000 psi treatment in a 1% w/w
solution of SDBS. The Hitachi S-4700 FE-SEM was used at 2.0 kV beam energy, 5.1 mm
working distance, and 3k* magnification, with fast scan speed. The sample holder was
dosed three times.

Figure 4.35 shows the FE-SEM image of the sonicated flaked of 40°C and 3000 psi
treatment in 9.94 mg/mL SDBS surfactant at 3kx magnification. At 40°C and 3000 psi,
the supercritical density is the highest compared to other conditions. The sizes of the
flakes are smallest compared to the other FE-SEM images. Moreover, the layers of the
flakes cannot be seen. This might be because these flakes contain only a very few layers.
This high degree of exfoliation is due to the high supercritical density treatment.
Moreover, when sonication was applied after the treatment, those flakes were exfoliated
more completely. The FE-SEM flakes at 40°C and 3000 psi (Figure 4.35) are slightly
larger than the diameter (130.90 nm) and z-average size (111.40 nm) of the sonicated
flakes at this condition as shown in the PCS data (Table 4.2). Moreover, the PCS data
show that the sonicated flakes of 60°C and 2000 psi should have smaller size than those

of 40°C and 3000 psi. However, if we consider the zeta potentials, the flakes of 60°C and
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2000 psi are less stable than those of 40°C and 3000 psi (Table 5). Therefore, the reason
that the lateral sizes of the flakes of 60°C and 2000 psi become larger than those of 40°C
and 3000 psi might be due to reaggregation. Reaggregation might be severe from the
water-based surfactant and the FE-SEM preparation that needs to leave the sample for
long time to let the surfactant evaporate. However, the layers of the both flakes of 60°C
and 2000 psi and 40°C and 3000 psi are not clearly seen. This shows that both the high
critical density treatment condition together with additional sonication can produce few

graphene layers materials from synthetic graphite.

However, the FE-SEM does not allow us distinguish the quantitative differences between
the flakes obtained at different treatment conditions. It can give us an overview of what
the graphitic flakes look like, but cannot quantity the differences between flakes. With
these limitations, the transmission electron microscopy (TEM) needs to be used in future

studies to examine these smaller details.

4.4. AFM analysis

For AFM analysis, samples were prepared by depositing the exit NMP sample directly on

a silicon substrate, which has a low surface roughness®*'

. The substrate was cleaned by
thirty minutes sonication in a water bath then washed by DI water and ethanol. Like FE-
SEM, AFM can observe flakes only in specific areas. It cannot determine the average size
of the flakes or reveal clearly the effect of the treatment condition of the flakes. The main
objective of AFM is to determine the vertical thickness of the flakes to approximately
determine its numbers of layer as well as its shape via the tip-surface interaction. To
construct a sharp image, the flakes obtained from 60°C treatment were considered since it
can produce larger flakes than at lower temperature. The experimental analysis and the

results are shown in Table 4.8 and Table 4.9, respectively. In this analysis some AFM

images and size analysis are shown in Figure 4.36-4.39.
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Table 4.8

The experimental analysis for AFM.

Condition Pressure (psi)| 40°C 50°C 60°C
INMP 2000 Y
[Non-sonication 2500 Y

3000 Y
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Table 4.9

The horizontal and vertical sizes of the flakes at some supercritical conditions.

Flake Horizontal Vertical
Condition | Number | distance (nm) | distance (nm)
60°C, 1.1 1006.000 182.910
3000 psi 1.2 1367.000 145.550
1.3 556.640 49.997
60°C, 2.1 1465.000 59.153
2500 psi 2.2 488.280 48.630
2.3 1074.000 51.750
2.4 205.080 6.670
2.5 537.110 52.064
2.6 224.610 12.488
2.7 390.630 35.382
2.8 156.250 21.793
29 332.030 10.157
2.10 97.656 1.897
2.11 87.891 1.864
2.12 93.750 3.703
2.13 74.219 1.816
2.14 64.453 2.135
60°C, 3.1 10.129
2000 psi 3.2 204.130
3.3 195.310 48.536
3.4 468.750 78.791
3.5 419.920 160.650
3.6 537.110 83.522
3.7 332.030 35.846
3.8 175.780 62.432
3.9 292.970 37.390
3.10 195.310 20.081
3.11 107.420 58.594
3.12 62.500 3.707
3.13 68.359 4.507
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Figure 4.36 AFM two- (a) and three-dimensional image (b) of the graphitic flakes
obtained from 60°C and 2000 psi treatment, on the silicon substrate. The image was
constructed at a 5.00 um scan size, a 1.387 Hz scan rate, 512 numbers per line, and a

500.0 nm data scale.
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Figure 4.37 Horizontal (a) and vertical section analysis (b) of the flake 3.7 of Figure 4.53
(60°C, 2000 psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan
rate, 512 numbers per line, and a 500.0 nm data scale.
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Figure 4.38 AFM two- (a) and three-dimensional image (b) of the graphitic flakes
obtained from 60°C and 2000 psi treatment, on the silicon substrate. The image was
constructed at a 1.00 um scan size, a 1.001 Hz scan rate, 512 numbers per line, and a
50.00 nm data scale.
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Figure 4.39 Horizontal (a) and vertical section analysis (b) of the flake 3.12 of Figure
4.55 (60°C, 2000 psi). The image was constructed at a 1.00 um scan size, a 1.001 Hz
scan rate, 512 numbers line, and a 50.0 nm data scale.
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The AFM samples were prepared by dropping the NMP carrier solution, which contains
the graphitic flakes from the supercritical carbon dioxide treatment, directly onto the
silicon substrate®?'. The water-based surfactant (SDBS) was not used for the AFM
samples since it affects the topography of the image due to residual surfactant when it
dries out. The samples were put in a chemical hood to let the NMP co-solvent evaporate,
until only the treated flakes on the substrates remained. The exiting NMP was collected
from the release valve of the supercritical carbon dioxide extractor. The supercritical
conditions were set at 60°C and 3000, 2500, and 2000 psi. From the zeta analysis data,
the flakes sizes of these samples are the largest, with low stability. Therefore, they might
be easier to observe by AFM than the small flakes of the treatments at 40° and 50°C. At
these treatment temperatures, the critical densities are higher than that of at 60°C at the
same pressure, so some features might be distorted or lost due to the more complete
exfoliation. The samples were not sonicated since sonication could destroy the original

features of the flakes obtained.

From the section analysis shown in Table 4.8, the horizontal and vertical sizes of the
flakes are quite varied. At 60°C and 3000 psi, the largest horizontal distance flake
observed was 1367 nm (flake 1.2) and the largest vertical distance was 182.91 nm (flake
1.1). The smallest flake observed was 556.64 nm horizontal distance, and 49.997 nm
vertical distance (flake 1.3). At 60°C and 2500 psi, the largest flakes observed was 1465
nm horizontal distance and 59.153 nm vertical distance (flake 2.1). The smallest flake
was 87.891 nm and 1.864 nm for horizontal and vertical distances (flake 2.11),
respectively. This flake is around six graphene layers thick. For the treatment at 60°C and
2000 psi, the largest flake in term of the horizontal distance observed was 468.75 (flake
3.4) nm. In terms of the vertical distance, the largest was 204.13 nm (flake 3.2). The
smallest flake was 62.5 nm horizontal and 3.707 nm vertical distances (flake 3.12). This
flake contains approximately twelve layers of graphene. Some examples of section
analysis of flakes 3.7 and 3.12 are shown in Figure 4.37 and 4.39, respectively. From
these figures, the horizontal and vertical distances of the flakes can be examined by using

the AFM software drawing straight line across each flakes and moving the arrows to
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reach its width and height. More sections analysis of these flakes are shown in appendix

C.

Figure 4.36-4.39 shows the various shapes and horizontal and vertical sizes of the flakes.
The bright yellow shows the flakes with higher vertical heights. However, the brightness
of the flakes depends on the data scale set in the examination. More accurate distances
(horizontal and vertical) analysis of the flakes are shown in section analysis in Appendix
C. As aresult, the flakes show a wide range of sizes. They can be as big as a thousand
nanometers or less than ten nanometers, with the layers are less than ten layers.
Therefore, we can say that at these conditions of the supercritical treatment, few graphene
layers materials less than ten layers (less than two nanometers) were produced. These
were not shown in the PCS data, which indicated that the smallest treated flakes were
approximately eighty nanometers in sizes (Table 4.2). This might be since the PCS
measures the sizes from correlation of laser light that is scattered from the dispersed
flakes and detected by the detector. Although, few-layer materials were produced, the

absolute amounts were not large compared to the larger flakes.

The limitations of AFM in this experiment are that it can only examine the flakes in small
areas. It cannot estimate the overall sizes of the flakes obtained or even the average sizes
as the PCS analysis can does. Therefore, we did not do AFM for all of the samples since
they indicate the same trends in term of the shapes of the flakes. Another disadvantage of
AFM in this case is the tip is easy to be convoluted by the small flakes due to tip-sample

interaction. Moreover, some images blur due to instability of the since the sample
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5. Conclusion

The supercritical carbon dioxide treatment can exfoliate the graphite layers into ten to
several-hundred nanometer thick flakes. The supercritical density, which depends on the
temperature and pressure of the supercritical conditions, is a major factor that affects the
sizes and stabilities of the flakes obtained. From the experiment, the sizes of the treated
flakes at low supercritical density (high temperature and low pressure) are larger with
lower stability, while the sizes at the high supercritical density (low temperature and high
pressure) are smaller with higher stability. Inversely, if sonication is applied, the
sonicated samples of low critical density treatments have smaller sizes than at high
supercritical density treatments due to incomplete exfoliation of the layers. Instead, the
layers are expanded due to carbon dioxide molecules that pass and be adsorbed between
the layers of those flakes. After sonication, the flakes obtained from low supercritical
density treatment, therefore, are smaller than those of from high supercritical density
treatment. The zeta potentials are more negative on average, which means they are more
stable after applying sonication. Moreover, the temperature has more significant effects

on the exfoliation than pressure.

NMP can maintain the stability of the flakes as well as DMF due to the highly negative
charges of their flakes in zeta potential analysis. This is because NMP and DMF have
high polarity (high dielectric constant). However, the zeta potentials of the samples
treated with isopropanol are significantly lower indicating (low stability). Although
sonication is applied, the zeta potential of the isopropanol treated samples are still out of
acceptance range (-30 mV to +30 mV)’’ for the stable dispersions. This is because
isopropanol has a lower dielectric constant than NMP or DMF. Therefore, isopropanol
does not have the ability to maintain stability and prevent reaggregation of the dispersed

flakes.

For the effects of treatment time on the sizes and zeta potential of the flakes, when the

treatment time increases, the sizes of the flake sheets increased. The zeta potentials are

84



more negative (more stable) when the treatment time increases due to larger flake sheets

produced from longer treatment time.

The evidence that proves that CO, molecules can pass between the graphite layers is the
BET surface area results. With the CO, adsorption, the BET surface area of untreated
graphite is much larger than that with N, adsorptive. Moreover, the BET surface area
with CO, adsorption of treated graphite is negative due to the CO, molecules are

adsorbed or intercalated between the graphite layers from the supercritical treatment.

The FE-SEM and AFM images show the various sizes and shapes of the graphitic flakes.
The horizontal and vertical sizes also varied from several nanometers to more than a
hundred nanometers. The effect of the water-based surfactant (sodium dodecylbenzene
sulfonate, SDBS) can be observed clearly in the FE-SEM images in terms of larger
appeared flakes from reaggregation due to low stability of the SDBS surfactant.
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6. Future work

This research gives an initial explanation of how graphite is exfoliated by supercritical
carbon dioxide. The parameter that plays a major role on the sizes and stability of the
obtained graphenic flakes is the supercritical density of the exfoliant. Supercritical
density relies mainly on temperature. From this work, we can conclude that carbon
dioxide at low supercritical density with NMP as a co-solvent, and one hour sonication,
can produce graphenic flakes smaller than 100 nm. However, due to agglomeration, large
flakes are present, and there is high deviation in flake sizes obtained. In order to apply
this method in a commercial production, further process to separate the graphenic flakes,

which are less than ten layers thick, from the large flakes, is necessary.

Further examinations and experiments are required to improve the graphene synthesis

method outlined in this thesis. These include:

1) Examine the treated flakes using transmission electron microscopy (TEM) to study the
crystallography of the graphenic flakes. TEM can also clearly indicate whether the

obtained flakes are actually graphene, since graphene is transparent®.

2) Determine the number of layers in the graphenic flakes producecd using Raman
spectrocopy®’. Certain peaks in the Raman spectra will change in size, position, and

shape with the number of graphene layers and defects/impurities.

3) Study more in-depth the reaggregation of the obtained flakes that inevitably occurs in
this experiment. Investigations of the time effects of reaggregation are necessary to

predict the active life of the obtained flakes before reaggregating.

4) More study on effects of treatment time on intercalation of the supercritical carbon
dioxide and graphite layers, since treatment time has a significant effect on the size and
stability of the treated flakes. The treatment time should be extended to times longer than

three hours, which was the maximum used during these experiments.
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A.1. Overall PCS data

Table A.1
Overall PCS data of flakes obtained from different treatment temperature and pressure.

The supercritical treatment was processed for one hour with NMP as a co-solvent.

Parameter | Pressure Sonication No sonication

(psi) 40°C 50°C 60°C 40°C 50°C 60°C
131.50 112.70 7329 | 111.50 | 114.20 | 155.80
2000 153.80 117.50 78.66 | 157.30 | 143.20 | 175.70
182.30 120.30 89.31 |210.10 | 185.30 | 183.90
Diameter 136.80 112.90 74.72 | 116.50 | 107.90 | 175.00

(nm) 2500 144.60 122.22 85.28 | 155.90 | 122.30 | 207.10
142.70 135.00 91.81 | 178.60 | 153.90 | 277.90

126.70 123.40 97.81 | 131.90 | 131.20 | 118.30
3000 130.90 121.10 105.10 | 151.90 | 160.90 | 215.20
132.30 129.10 | 102.90 | 170.60 | 194.80 | 276.40
110.00 138.30 91.26 | 106.40 | 118.10 | 209.50
2000 142.90 100.90 82.15 | 148.30 | 158.40 | 167.10
144.10 121.60 | 104.90 | 212.10 | 241.50 | 169.20
Z-average 134.50 115.30 71.48 |210.80 | 183.70 | 191.80
size (hm) 2500 136.80 107.40 96.86 | 163.80 | 161.80 | 167.80
138.90 116.00 96.86 | 93.89 | 111.60 | 236.50
111.80 103.80 | 102.00 | 183.30 | 184.60 | 556.00

3000 111.40 102.70 85.58 | 121.10 | 175.40 | 133.60
113.90 | 104.50 85.52 | 136.00 | 119.40 | 242.60
-33.90 -36.10 | -23.60 | -30.10 | -28.90 | -28.50

2000 -56.90 -41.20 -27.80 | -33.30 | -29.10 | -32.20

Zeta -66.10 -46.00 -34.20 | -45.90 | -28.50 | -37.80
potential -54.30 -36.20 -26.40 | -26.90 | -29.00 | -12.30
(mV) 2500 -57.80 -42.40 -28.50 | -32.10 | -29.20 | -20.20

-64.70 -45.40 | -32.10 | -36.90 | -52.70 | -19.60
-46.20 -33.60 | -30.90 | -51.70 | -32.50 | -44.50

3000 -43.50 -39.10 -32.20 | -56.40 | -44.10 | -40.80
-48.70 -54.40 -29.10 | -69.90 | -37.80 | -35.20
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Table A.2
Overall PCS data of flakes obtained from different co-solvents treated. The supercritical

treatment was processed for one hour.

Parameter Co- Sonication No Son.
solvent 40°C 50°C 60°C 40°C 50°C 60°C
126.70 123.40 97.81 | 131.90 | 131.20 | 118.30
NMP 130.90 121.10 105.10 | 151.90 | 160.90 | 215.20
132.30 129.10 102.90 | 170.60 | 194.80 | 276.40
Diameter 228.60 156.50 61.74 | 340.10 | 161.30 | 226.30
(nm) DMF 191.20 153.60 82.27 | 253.70 | 178.90 | 277.50
222.30 177.90 78.22 | 443.10 | 169.90 | 350.60
257.50 349.00 195.50 | 209.80 | 230.60 | 209.50
Iso. 290.10 314.9 291.50 | 231.60 | 236.80 | 217.80
323.60 338.80 196.80 | 234.80 | 278.90 | 280.80
111.80 103.80 88.02 | 183.30 | 184.60 | 556.00
NMP 111.40 102.70 85.58 | 121.10 | 175.40 | 133.60
113.90 104.50 85.52 | 136.00 | 119.40 | 242.60
Z-average 187.50 125.20 118.50 | 255.00 | 110.50 | 154.10
size (nm) | DMF 181.20 123.10 81.87 | 198.20 | 122.10 | 197.90
194.50 140.30 79.29 | 182.10 | 123.50 | 167.40
202.50 271.30 186.60 | 182.50 | 224.20 | 269.00
Iso. 202.20 262.70 247.10 | 226.20 | 24390 | 218.20
246.90 268.70 181.00 | 225.10 | 224.00 | 275.90
-46.20 -33.60 -30.90 | -51.70 | -32.50 | -44.50
NMP -43.50 -39.10 -32.2 | -56.40 | -44.10 | -40.80
Zeta -48.70 -54.40 -29.10 | -69.90 | -37.80 | -35.50
potential -50.60 -62.70 -48.20 | -31.30 | -54.60 | -58.00
(mV) DMF -47.10 -63.60 -60.50 | -48.70 | -63.30 | -64.00
-54.80 -67.70 -48.40 | -41.60 | -59.30 | -69.40
-33.50 -24.30 -22.20 | -10.70 | -20.10 | -12.20
Iso. -25.40 -28.50 -29.10 | -8.52 | -13.80 | -12.00
-22.30 -29.10 -30.10 | -13.80 | -22.80 | -19.50
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Table A.3
Overall PCS data of flakes obtained from different treatment time.

NMP was used as a co-solvent.

Condition Time Dimension Z-ave.size Zeta potential
(hr) (nm) (nm) (mV)
97.80 85.52 -30.90
1 105.10 85.58 -32.20
3000 psi/ 102.90 88.02 -29.10
60 °C 147.50 183.30 -43.30
Sonication 2 137.70 168.30 -44.70
184.50 292.50 -45.10
144.20 174.10 -53.10
3 161.70 235.10 -45.90
164.40 327.30 -52.80
118.30 556.00 -35.20
1 215.20 133.60 -40.80
276.40 242.00 -44.50
3000 psi/ 204.50 189.00 -42.40
60 °C 2 225.80 173.70 -47.10
No 250.70 159.20 -47.70
sonication 461.20 1772.00 -49.90
3 446.40 1489.00 -50.40
604.60 1626.00 -51.20
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A.2. Sonicated NMP-samples

Sample Name: sample 171 (S)Ry1 hr 1

SOP Name: mansettings.dat

File Name: sample 17.1 {5 Rv 1 hr.dts Dispersant Name: 30%ethanol+70%sal
Record Number: 3 Dispersant Rl: 1.347
Material RI: 112 Viscosity (imPa.s): 22911
Material Absorbtion: 0.01 Measurement Date and Time: ‘Wednesday, February 09, 2011 2:1..
Temperature (°C): 25.0 Duration Used (s): 70
Count Rate {kcps): 1924 Measurement Position (mm): 4.65
Cell Description:  Glass cuvette with square aperture Attenuator: 9
Diam. {nmy) % Intensity Width (nm)
Z-Average {dnm)y: 8215 Peak 1: 78.66 100.0 2316
Pdl: 0.278 Peak 2: 0.000 0.0 0.000
Intercept: 0.952 Peak 3: 0.000 0.0 0.0o0

Result quality : Good

Size Distribution by Intensity

Irtensity (%)
=

0+
01 1 10

1000 10000
Size (d.nm)

Record 3: sample 171 (S1Rv 1 hr 1

Figure A.1 PCS software for sizing analysis of the NMP-treated sample obtained from
the 2000 psi and 60°C treatment with additional 1-hour sonication.

100



Sample Name: sample17.1 () Rv1 hr 1
SOP Name: mansettings.dat

File Name: sample 17.1 {8) Rv 1 hr.dts Dispersant Name: 30%ethanol+70%sol
Record Number: 14 Dispersant Rl:  1.347
Date and Time: ‘ednesday, February 09, 2011 4,59:28 . Viscosity (cP):  2.2917

Dispersant Dielectric Constant: 73.5

Temperature (°C): 25.1 ZetaRuns: 14
Count Rate {kcps): 8.4 Measurement Position (mm):  4.50
Cell Description: Zeta dip cell Attenuator: 2
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -27.8 Peak 1: -27.8 100.0 10.5
Zeta Deviation (mV): 105 Peak 2: 0.00 0.0 0.00
Conductivity (imS/icm): 0.00746 Peak 3: 0.00 0o n.oo

Result quality :

Zeta Potertial Distribution

100000

a0000

GO000

40000

Tatal Courts

20000

-200 -100 o 100 200
Zeta Potential (m)

Record 14 zample 17.1 (S1Rv 1 hr 1|

Figure A.2 PCS software for zeta potential analysis of the NMP-treated sample obtained
from the 2000 psi 60°C treatment with additional 1-hour sonication.
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Sample Name:

sample 13.4 Rv{son) 1

SOP Name: mansettings.dat
File Name: sample 13.4 Rvison).dis Dispersant Name: 30%ethanol+70%sol
Record Number: 2 Dispersamt Rl: 1.347
Material R 1.12 Viscosity (mPa.s): 2.2926
Material Absorbtion: 0.01 Measurement Date and Time: Friday, January 21, 2011 4:24:18 PM
Temperature (*Cy: 251 Duration Used {s): 70
Count Rate {kcps)y: 201.0 Measurement Position {mm): 4.65
Cell Description: Glass cuvette with square aperture Attenuator: 7
Diam. {nm) % Intensity Width {nm}
Z-Average {dnm): 1114 Peak 1: 1308 100.0 54.95
Pal: 0.142 Peak 2: 0.oon 0.0 n.000
Intercept: 0.953 Peak 3: 0.000 0.0 0.000
Result quality : Good
Size Distribution by Intensity
G e e e
FAD T
=
=
T
RS R R S R R R
1]
o1 1000 10000
Size (d.nm)
| Record 2 sample 13.4 RY(=on) 1 |

Figure A.3 PCS software for sizing analysis of the NMP-treated sample obtained from

the 3000 psi 40°C treatment additional 1-hour sonication.
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Sample Name:

SOP Name:

sample 13.4 R¥{son) 1

mansettings.dat

File Name: sample 13.4 Rv{zon).dts Dispersant Name: 30%ethanol+70%sal
Record Number: 4 Dispersant R 1.347
Date and Time: Friday, January 21, 2011 4:31:16 PM Viscosity (cP): 2.2902
Dispersant Dielectric Constant: 756
Temperature {°C): 249 ZetaRuns: 14
Count Rate {kcps): 5.1 Measurement Position {mm):  4.50
Cell Description: Zeta dip cell Attenuator: 7
Mean (mV) Area (%) Width (mV)
Zeta Potential (mV): -43.5 Peak 1: -43.5 100.0 16.3
Zeta Deviation (mV): 16.3 Peak 2: 0.00 0.0 0.00
Conductivity imSicm): 0.0588 Peak 3: 0.00 0.0 0.0o

Result quality :

1400007+
1200007
1000007
500001
60000 1

Total Counts

400001
200001

Zeta Potential Distribution

o
-200

-100 o 100
Zeta Patential (mW)

Record 4 zatmple 13.4 RV{=on) 1 |

200

Figure A.4 PCS software for zeta potential analysis of the NMP-treated sample obtained
from the 3000 psi 40°C treatment with additional 1-hour sonication.

103



A.3. Non-sonicated NMP-samples

Sample Name: 171 (Re) 1

SOP Name: mansettings.dat

File Name: sample 17.1 Ry 1 hr.dts Dispersant Name: ‘Mater
Record Number: 22 Dispersant R 1.330
MaterialRE 1.12 Viscosity (inPa.s). 0.8386
Material Absorbtion: 0.01 Measurement Date and Time: Thursday, April 28, 2011 2:47:10 PW
Temperature {"C): 248 Duration Used (s): 120
Count Rate {kcps): 46.7 Measurement Position (mmj: 4.65
Cell Description: Glass cuvette with square aperure Attenuator: 7
Diam. {nm} % Intensity Width {nm}
Z-Average (d.nm): 1671 Peak 1: 1767 98.7 9812
Pdl: 0.388 Peak 2: A460 1.3 0.000
Intercept: 0.953 Peak 3: 0.000 ] 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (%)

1000 10000
Size (d.nm)

Record 22 17.1 (Re) 1]

Figure A.5 PCS software for sizing analysis of the NMP-treated sample obtained from
the 2000 psi 60°C treatment without additional sonication.
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Sample Name: sample 171 (SY Ry 1 hr 1

SOP Name: mansettings.dat

File Name: sample 17.1 Ry 1 hr.dts Dispersant Name: ‘Water
Record Number: 7 Dispersant R 1.330
Date and Time: Wednesday, February 09, 2011 6:13:24 .. Viscosity (cP):  0.8879

Dispersant Dielectric Constant: 78.5

Temperature (*Cj: 25.1 ZetaRuns: 13
Count Rate (kcps): 5.8 Measurement Position (mmj): 450
Cell Description: Zeta dip cell Attenuator: 9
Mean (mV) Area (%) Width (m\)
Zeta Potential imV): -32.2 Peak 1: -32.2 100.0 778
Zeta Deviation (mV): 7.75 Peak 2: 0.00 oo 0.00
Conductivity {imSicm):  0.0275 Peak 3: 0.00 oo 0.00

Result quality :

Zeta Potential Distribution

2000 1 e PP PP PP :
1O0OOD L~ e U 5 A e e ;

% BOOO0 T v . ..................... . ...................... . ...................... .
= : : : :
3 : : : :
S e} RN A S e e :
= . . . .
=] . . . .
B 4000t P U T D B :
PODDL- AUUIUTRUO SURUL PO TR TR ;

o

-200 -100 a 100 200
Zeta Potertial (ms)

Record 7: sample 171 (S1Rv 1 hr 1|

Figure A.6 PCS software for zeta potential analysis of the NMP-treated sample obtained
from the 2000 psi 60°C treatment without additional sonication.
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Sample Name:
SOP Name:

File Name:

sample 13.3 RV 1
mansetiings.dat

sample 13.3 Rv.dis

Dispersant Name: ‘ater

Record Number: 2 Dispersant Rl: 1.330
Material RI: 1.12 Viscosity (imPa.s): 0.8385
Material Absorbtion: 0.01 Measurement Date and Time: Friday, January 21, 2011 23:12:11 P
Temperature (°C): 250 Duration Used (s): 70
Count Rate {kcps): 1456 Measurement Position (mm): 4.55
Cell Description: Glass cuvette with square aperure Attenuator: 10

Z-Average {d.nm):
Pdi:

Intercept:

Result quality :

Diam. {nm)

% Intensity

1211 Peak 1: 15819 96.8 7486
0.346 Peak 2: 4859 32 609.3
0.4909 Peak 3: 0.000 0.0 0.0oo
Good

Intensity (%)

Size Distribution by Intensity

Size (dnm)

Record 2: sample 13.3 R 1

Figure A.7 PCS software for sizing analysis of the NMP-treated sample obtained from

the 3000 psi 40°C treatment without additional sonication.
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Sample Name:

sample 133 RV 1

SOP Name: mansettings.dat
File Name: sample 13.3 Rv.dts Dispersant Name: ‘ater
Record Number: & Dispersant R 1.330
Date and Time: Friday, January 21, 2011 3:31:22 PM Viscosity (cP): 0.8862
Dispersant Dielectric Constant: 7856
Temperature (*C): 25.0 ZetaRuns: 18
Count Rate (kcps): 489 Measurement Position {mm): 450
Cell Description: Zeta dip cell Attenuator: 4
Mean {mV) Area (%) Width (mV)
Zeta Potential (mV): -56.4 Peak 1: -56.4 100.0 1049
Zeta Deviation imV): 109 Peak 2: 0.00 0.0 0.00
Conductivity (mSicm): 0131 Peak 3: 0.00 0.0 0.00
Result quality :
Zeta Potential Distribution
BOOOI T
DT £ S
j2]
€
2
S 00000l
[
5
-
sooood-
0
-200 -100 0 100 200
Feta Patential (my))
Record B sample 13.3 RY 1 |

Figure A.8 PCS software for zeta potential analysis of the NMP-treated sample obtained
from the 3000 psi 40°C treatment without additional sonication.
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A.4. DMF- and isopropanol-samples

Sample Name:

SOP Name:

File Name:

Record Number:
Material RI:

Material Absorbtion:

DiMF 3(5) 3000-40 1
mansettings.dat
DMF1 3000-40.dts
30

112

0.01

Dispersant Name:
Dispersant RL:

Viscosity (mPa.s):
Measurement Date and Time:

30%ethanol+70%so0l

1.347

2.2926

Tuesday, May 10, 2011 4:24:51 PM

Temperature (*C): 25.0
Count Rate {(kcps): 217.2
Cell Description:  Glass cuvette with square aperture

Duration Used (s): 70
Measurement Position (imm}: 465
Attenuator: 4

Diam. (mm) % Intensity Width {nmj)
Z-Average (dnmp: 181.2 Peak 1: 1491.2 98.4 67.34
Pdl: 0.1597 Peak 2: 5250 1.6 4427
Intercept: 0.940 Peak 3: 0.000 0o 0.000
Result quality 1 Good

Size Distribution by Intensity

Irtensity (%)

1000 10000

Size (d.nm)

Recard 30 DMF 3(5) 3000-40 1

Figure A.9 PCS software for sizing analysis of the DMF-treated sample obtained from
the 3000 psi 40°C treatment with additional 1-hour sonication.
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Sample Name:

DMF 3(3) 3000-40 1

SOP Name: mansettings.dat
File Name: DAMF1 3000-40.dis Dispersant Name: 30%ethanol+70%s0l
Record Number: 33 Dispersant R 1.347
Date and Time: Tuesday, May 10, 2011 4:37:31 PM Viscosity (cP): 22922
Dispersant Dielectric Constant: 78.5
Temperature ("C): 250 ZetaRuns: 21
Count Rate {kcps): 855 Measurement Position (mm): 4,50
Cell Description:  Zeta dip cell Attenuator: &
Mean (ImV) Area (%) Width (mV)
Zeta Potential (imV): -47.1 Peak 1: -471 100.0 18.1
Zeta Deviation (mV): 181 Peak 2: (.00 0.0 0.00
Conductivity imS/icm):  0.0489 Peak 3: 0.00 0.0 0.00

Result quality :

400000

300000

200000

Total Counts

100000

Zeta Patential Distribution

-200

Figure A.10 PCS software for zeta potential analysis

-100

o 100
Zeta Potertial (m')

Record 33 DMF 3(5) 3000-40 1]

200

of the DMF-treated sample

obtained from the 3000 psi 40°C treatment with additional I-hour sonication.
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Sample Name:
SOP Name:

File Name:

Is0 1 (531
mansettings.dat

Isopropanol (S).dis

Dispersant Name:

30%ethanol+70%s0l

Record Number: 3 Dispersant RE  1.347
Material Rl 1.12 Viscosity (mPa.s): 2.28596
Material Absorbtion: 0.01 Measurement Date and Time: Tuesday, May 24, 2011 21413 AM
Temperature (°C): 25.0 Duration Used {s): &0
Count Rate {(kcps): 289.8 Measurement Position (mm}: 1.25
Cell Description:  Glass cuvette with square aperture Attenuator: 9
Diam. (nm) % Intensity Width (nm)
Z-Average (danm): 202.5 Peak 1: 2901 985 191.0
Pdl: 0.288 Peak 2: 4549 1.4 8546
Intercept: 0.895 Peak 3: 0.000 0.0 0.000
Result quality : Good

Intensity (%)

Size Distribution by Intensity

100
Size (d.nm)

Record 3 kso 1 (511]

1000

10000

Figure A.11 PCS software for sizing analysis of the isopropanol-treated sample obtained

from the 3000 psi 40°C treatment with additional 1-hour sonication.
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Sample Name: Iso1 (531

SOP Name: mansettings.dat

File Name: |sopropanal (S).dts Dispersant Name: 30%ethanol+70%sal
Record Number: 4 Dispersant R 1.347
Date and Time: Tuesday, May 24, 2011 4:42:26 AM Viscosity (cP):  2.2916

Dispersant Dielectric Constant: 73.5

Temperature (*C): 25.1 ZetaRuns: 12
Count Rate {kcps): 36.0 Measurement Position {mm): 4.50
Cell Description: Zeta dip cell Attenuator: 8
Mean {(mW/) Area (%) Width {mV)
Zeta Potential (mV): -25.4 Peak 1: -25.4 100.0 137
Zeta Deviation (mV): 137 Peak 2: 0.00 0.0 0.00
Conductivity imSicm):  0.0361 Peak 3: 0.00 0.0 0.00

Result quality :

Zeta Potertial Distribution

140000
120000
100000
80000
BO000

Tatal Counts

40000
20000

0
-200 -100 o] 100 200

Feta Potertial (m')

Record 5: lso 1 (5)1]

Figure A.12 PCS software for zeta potential analysis of the isopropanol-treated sample
obtained from the 3000 psi 40°C treatment with additional 1-hour sonication.
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A.5. Effect of treatment time on the obtained flakes

Sample Name:

SOP Hame:

File Name:

Record Humber:
Material RI:

Material Absorbtion:

sample 14.2 (5 Ry 2 hr1

mansettings.dat

Sample 14.2 {5) Rv 2 hr.dis Dispersant Hame:
2 Dispersant RI:
112 Viscosity (mPa.s):
0.01 Measurement Date and Time:

30%ethanol+70%s0l

1.347
2.2926

Monday, January 31, 2011 8:12:40 ..

Temperature (*C): 25.0 Duration Used (s): 130
Count Rate (kcps): 63.8 Measurement Position {mm): 4.65
Cell Description: Glass cuvette with square aperture Attenuator: 10
Diam. {nm) % Intensity Width {nmj)
Z-Average (donm): 1623 Peak 1: 137.7 100.0 33.64
Pdl: 0.430 Peak 2: 0.0on n.n 0.000
Intercept: 0386 Peak 3: 0.0o00 0.0 0.0o0
Result quality : Good
Size Distribution by Intensity
25 ...........................................................................................
R < Y
53 : : : :
DG
ﬁ
S O
=
5 ......................................................................................
]
0.1 1 10 1000 10000

Size (d.nm)

Record 2 sample 14 2 (S1Rv 2 hr 1 |

Figure A.13 PCS software for sizing analysis of the 2-hour treated sample obtained from
the 3000 psi and 60°C treatment with additional 1-hour sonication. NMP was used as a

co-solvent.
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Sample Name:
SOP Name:

sample 14.2 (S)Rv 2 hr1

mansettings.dat

File Name: Sample 14.2 (5) Ry 2 hr.dis Dispersant Name: 30%ethanol+70%sal
Record Number: 5 Dispersant Rl 1.347
Date and Time: Monday, January 31, 2011 8:41:58 PM Viscosity (cP): 22917
Dispersant Dielectric Constant: 786
Temperature (°C): 25.0 ZetaRuns: 17
Count Rate (kcps)y: 18.2 Measurement Position (mm):  4.50
Cell Description: Zeta dip cell Attenuator: 9
Mean {mVv) Area (%) Width (mV)
Zeta Potential (mVy: -44.7 Peak 1: -447 100.0 152
Zeta Deviation (ImV): 146.2 Peak 2: 0.00 0. n0.0n
Conductivity imS/icm): 0.0514 Peak 3: 0.00 0.0 0.00

Result quality :

250000

200000

150000

Tatal Courts

100000

50000

Zeta Potertial Distribution

o
-200

-100

o 100
Feta Potential (m')

Record 5 sample 14 2 (S1Rv 2 hr 1 |

200

Figure A.14 PCS software for zeta potential analysis of the 2-hour treated sample
obtained from the 3000 psi and 60°C treatment with additional I-hour sonication. NMP
was used as a co-solvent.
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Sample Name:
SOP Name:

File Name:

sample 14.3(8)Rv 3 hr1
mansettings.dat
sample 14.3 (5) Rv 3 hr.dis

Dispersant Name:

30%ethanal+T0%s0l

Record Number: 4 Dispersant Rl 1.347
Material RI: 1.12 Viscosity (mPa.s): 2.292%
Material Absorbtion: 0.01 Measurement Date and Time: Monday, January 31, 2011 6:15:40 ..
Temperature (°C): 249 Duration Used (s): 60
Count Rate {kcps): 29592 Measurement Position (mm}: 1.05
Cell Description: Glass cuvette with square aperure Attenuator: 8
Diam. (nm} % Intensity Width {nm)
Z-Rverage (d.nmp: 2351 Peak 1: 161.7 100.0 27.84
Pdl: 0.470 Peak 2: 0.0o0 0.0 0.0o0
Intercept: 0394 Peak 3: 0.0o0 0.0 0.0o0
Result quality = Good
Size Distribution by Intensity
T
B0 bl g
£
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T e O
]
04 1 10 1000 10000
Size (d.nm)
Record 4: zample 14.3 (SIRv 3hr1 |

Figure A.15 PCS software for sizing analysis of the 3-hour treated sample obtained from
the 3000 psi and 60°C with additional 1-hour sonication. NMP was used as a co-solvent.
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Sample Name: sample 14.3(8) Rv 3 hr1

SOP Name: mansettings.dat

File Name: sample 14.3 {3) Rv 3 hr.dis Dispersant Name: 30%ethanal+70%sol
Record Number: 7 Dispersant R 1.347
Date and Time: Monday, January 31, 2011 74225 P Viscosity (cP):  2.2918

Dispersant Dielectric Constant: 785

Temperature (°C):  25.1 ZetaRuns: 24
Count Rate (kcps): 4129 Measurement Position (mm): 4.50
Cell Description: Zeta dip cell Attenuator: &
Mean {mV) Area (%) Width (mV)
Zeta Potential imV): -45.49 Peak 1: -4548 100.0 2186
Zeta Deviation {mV): 216 Peak 2: 0.00 0.0 0.00
Conductivity (mSicm):  0.0496 Peak 3: 0.00 0.0 0.00

Result quality :

Ieta Potential Distribution

250000

200000

150000

100000

Total Counts

0000

1]
=200 -100 0 100 200

Zeta Potential (m')

Record 7: sample 14.3 (S1Rv 3 hr 1 |

Figure A.16 PCS software for zeta potential analysis of the 3-hour treated sample
obtained from the 3000 psi and 60°C treatment with additional 1-hour sonication. NMP
was used as a co-solvent.
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Sample Name:

sample 14.2 Rv 2 hr 1

SOP Name: mansettings.dat
File Name: sample 14.2 Ry 2 hr.dts Dispersant Name: ‘YWater
Record Number: 2 Dispersant RE  1.330
Material Rl 1.12 Viscosity (mPa.s): 0.8871
Material Absorbtion: 0.01 Measurement Date and Time: Sunday, January 30, 2011 11:28:16..
Temperature (°C): 25.0 Duration Used (s} 120
Count Rate {(kcps): 71.3 Measurement Position (nm): 4.65
Cell Description: Glass cuvette with square aperture Attenuator: 10
Diam. {nm) % Intensity Width {nm)
Z-Average (daomy: 1737 Peak 1: 2258 ar.a 86.15
Pdl: 0.382 Peak 2: 34.73 9.7 9.97
Intercept: 0.791 Peak 3: 13.83 30 2723
Result quality : Refer to quality report
Size Distribution by Intensity
LG e e e et e
g ...............................................
-
=
T
o R=T SR E E E EE S R TR e
o+
041 1 10 1000 10000
Size (d.nm)
‘ Record 2: sample 142 Ry 2hr 1 |

Figure A.17 PCS software for sizing analysis of the 2-hour treated sample obtained from
the 3000 psi and 60°C without additional sonication. NMP was used as a co-solvent.

116



Sample Name: sample 142 Ry 2 hr 1

SOP Name: mansettings.dat

File Name: sample 14.2 Ry 2 hr.dts Dispersant Name: ‘Water
Record Number: 7 Dispersant Rl 1.330
Date and Time: Monday, January 31, 2011 1:15:42 AM Viscosity (cP): 08878

Dispersant Dielectric Constant: 73.5

Temperature (°C): 25.0 ZetaRuns: 20
Count Rate (kcps)y: 22.0 Measurement Position (mm):  4.50
Cell Description:  Zeta dip cell Attenuator: 9
Mean (mV) Area (%) Width {mV)
Zeta Potential (mvV)y: -47.1 Peak 1: -47.1 100.0 8.96
Zeta Deviation (mV): 5.96 Peak 2: 0.00 0.0 0.00
Conductivity (mSicm): 0125 Peak 3: 0.00 0.0 0.00

Result quality :

Zeta Potential Distribution

120000

100000

80000

60000

Total Counts

40000

20000

o
-200 -100 1} 100 200

Zeta Potential (mY)

Record 7. zample 14.2 Rv 2 hr 1|

Figure A.18 PCS software for zeta potential analysis of the 2-hour treated sample
obtained from the 3000 psi and 60°C without additional sonication. NMP was used as a
co-solvent.
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Sample Name:

sample 142 Rv 2 hr 1

SOP Name: mansettings.dat
File Name: sample 14 .3 Rv 3 hr.dis Dispersant Name: ‘Water
Record Number: 2 Dispersant R: 1.330
Material R: 1.12 Viscosity (imPa.s): 0.8358
Material Absorbtion: 0.01 Measurement Date and Time: Monday, January 31, 2011 1:56:29 ...
Temperature (°C): 251 Duration Used (s): 170
Count Rate (kcps): 70.1 Measurement Position (mm): 4.65
Cell Description:  Glass cuvette with square aperture Attenuator: 10
Diam. {nm} % Intensity Width (nm)
Z-Average {daim): 1433 Peak 1: 446.4 91.2 a7.583
Pdl: 0.886 Peak 2: 35.03 8.8 4.289
Intercept: 0.698 Peak 3: 0.ooo 0.0 0.000

Result quality :

Refer to quality report

Intensity (%)

Size Distribution by Intensity

041 1 10

100 1000 10000

Size (d.nm)

Record 2: sampls 14.2 Ry 2 hr 1

Figure A.19 PCS software for sizing analysis of the 3-hour treated sample obtained from
the 3000 psi and 60°C without additional sonication. NMP was used as a co-solvent.
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Sample Name: sample14.3 Ry 3hr1

SOP Name: mansettings.dat

File Name: sample 14.3 Rv 3 hr.dts Dispersant Name: ‘YWater
Record Number: & Dispersant R 1.330
Date and Time: honday, January 31, 2011 2:19:57 AM Viscosity (cP): 0.8877

Dispersant Dielectric Constant: 73.6

Temperature (°C): 25.0 ZetaRuns: 16
Count Rate (kcps): 10.8 Measurement Position (mm): 4.50
Cell Description: Zeta dip cell Attenuator: 2
Mean {mV) Area (%) Width (mV)
Zeta Potential (mV): -50.4 Peak 1: -50.4 100.0 11.0
Zeta Deviation (mV): 11.0 Peak 2: 0.00 0.0 0.00
Conductivity (mSicm): 0,116 Peak 3: 0.00 0.0 0.00

Result quality :

Zeta Potertial Distribution

100000

S0000

BO000

Tatal Counts

40000

20000

o
-200 -100 o 100 200

Feta Potential (m')

Record 6 sample 143 Ry 3 hr 1 |

Figure A.20 PCS software for zeta potential analysis of the 3-hour treated sample
obtained from the 3000 psi and 60°C without additional sonication. NMP was used as a
co-solvent.
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Appendix B. BET analysis data
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Table B.1
The data of relative pressure (P/Py) and the value of 1/[Q(Po/P - 1)] of each sample from

different supercritical treatment condition.

Graphite: N,
1/[Q(Po/P - 1)]

3000 psi, 40°C (NMP): N,
1/[Q(Po/P - 1)]

Relative Pressure Relative Pressure

(P/Py) (P/Py)
0.125096107 1.033468036 0.096123732 0.898335313
0.148229356 1.256862387 0.1255397 1.156014305

0.175293887

1.56631249

0.150378841

1.415329524

0.200264787 1.837758491 0.175345382 1.633968549
0.225157132 2.135584397 0.200504514 1.860856672
0.248609243 2.500609484 0.225354107 2.118343386
0.27491877 2.881901823 0.250633884 2.438327557
0.299794099 3.270809835 0.275514798 2.746981366

0.300445911 3.015273895

Table B.1 (cont.)

3000 psi, 50°C (NMP): N,

3000 psi, 60°C (NMP): N,

Relative Pressure

(P/Po)

1/[Q(Po/P - 1)]

Relative Pressure

(P/Po)

1/[Q(Po/P - 1)]

0.098386948

0.83837791

0.097128279

0.9664418

0.125363032

1.083720801

0.125632618

1.235436222

0.150092563

1.320194083

0.150435434

1.510195993

0.175084799 1.590033367 0.17546813 1.779735814
0.196423046 1.860341934 0.200540808 2.10795877
0.225044668 2.176729891 0.225581943 2.383518743
0.249999922 2.548962372 0.25049426 2.678660236
0.274875815 2.841820748 0.275768598 3.056374996
0.299907229 3.254269051 0.300578049 3.453187854
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Table B.1 (cont.)

2500 psi, 60°C (NMP): N,

2000 psi, 60°C (NMP): N,

Relative Pressure

(P/Po)

1/[Q(Po/P - 1)]

Relative Pressure

(P/Po)

1/[Q(Po/P - 1)]

0.101062629

1.289261191

0.100288838

1.123893348

0.125013483

1.593151921

0.125026915

1.421660507

0.150639986 2.052620814 0.14832988 1.788771539
0.175461908 2.508251634 0.175370248 2.139947923
0.200516992 3.123081944 0.20062975 2.581094415
0.225487265 3.560943089 0.225368281 3.051550412
0.250288461 4.171508728 0.249517938 3.562295716
0.27555234 4.509963031 0.275326215 3.957429755
0.300352606 5.333303559 0.300361052 4.7430308

Table B.1 (cont.)

3000 psi, 40°C (Iso): N,

3000 psi, 40°C (DMF): N,

Relative Pressure

1/[Q(Po/P - 1)]

Relative Pressure

1/[Q(Po/P - 1)]

(P/Py) (P/Po)
0.098121356 0.855218414 0.100964378 0.816157814
0.125635762 1.12799448 0.125111932 1.003925115
0.14872568 1.385771758 0.150569265 1.225850351
0.173676803 1.665914699 0.175292053 1.451784722
0.200332208 2.024995639 0.200366215 1.652838089
0.224624126 2.350218705 0.225463648 1.936725052
0.250470892 2.715800315 0.250589983 2.208916974
0.274942434 3.141178232 0.275516199 2.569846283
0.299288193 3.623342748 0.300397881 2.786770545
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Table B.1 (cont.)

3000 psi, 40°C (NMP): CO,

Graphite : CO,

Relative Pressure

1/[Q(Po/P - 1)]

Relative Pressure

1/[Q(Po/P - 1)]

(P/Py) (P/Py)
0.112048745 | 1.020787263 | 0.003795029 | 0.006126219
0.163116177 | 1.112511478 | 0.007860901 | 0.006061596
0.177274705 1.07931605 | 0.016228289 | 0.008136095
0.193860233 | 1.085516034 | 0.050195556 | 0.019018857
0.205737502 | 0.904094263 | 0.104267201 | 0.038428859
0.218091047 | 0.296523768 | 0.140304726 | 0.043682405
0.263018988 | 0.265470532 | 0.195292702 | 0.054440146
0.308983156 | 0.267407208 | 0.250930203 | 0.069508322
0.260680497 | 0.069933993
0.279599253 | 0.067113619
0.320368387 | 0.072870294
0.337433528 | 0.077765633
0.52047158 | 0.163374492
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Table B.2

The isotherm relationship between relative pressure (P/Py) and quantitiy absorbed

(mmol/g) of absorbtive gases (N, and CO,) for various samples.

Graphite :N, Graphite N,
Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.100421784

0.137246515

0.839474278

0.102289381

0.120170404

0.138821998

0.859581654

0.115310724

0.125096107

0.138352304

0.874293097

0.132533884

0.140309738 0.138208534 0.88944084 0.155039065
0.148229356 0.138459839 0.904522377 0.179717562
0.160316339 0.136704327 0.914417989 0.200435153
0.175293887 0.135702905 0.924433643 0.22420217
0.183362612 0.137418215 0.932336655 0.250479109
0.200264787 0.136260487 0.939434401 0.277017634
0.225157132 0.136067789 0.946206355 0.313484924
0.248609243 0.132313924 0.952383446 0.343289069
0.27491877 0.131564448 0.958162806 0.383111459
0.299794099 0.130900715 0.963235689 0.423628436
0.349667271 0.127218115 0.967205652 0.460136197
0.399585178 0.117709135 0.970208819 0.491169784
0.446176852 0.114394904 0.973080416 0.528122275
0.499933093 0.104887971 0.976120225 0.576526153
0.546130197 0.095077449 0.979026095 0.632252584
0.599742971 0.083911354 0.982340347 0.685646994
0.649977039 0.077773378 0.98389047 0.727527861
0.699912026 0.072091359 0.986412802 0.781420521
0.739760869 0.073851252 0.987869896 0.831232712
0.769761899 0.073982394 0.989273204 0.873854359
0.799606697 0.081157776 0.989902955 0.917706307
0.819674965 0.088520985
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Table B.2 (cont.)

3000 psi, 40°C (NMP): N,

3000 psi, 40°C (NMP): N,

Relative Quantity Absorbed| Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.096123732 0.118381317 0.840156521 0.176286667
0.12055014 0.123790159 0.860119256 0.193816124

0.1255397 0.12418747 0.875290316 0.212412868
0.140418196 0.125546044 0.890197212 0.238114238
0.150378841 0.125055802 0.905335653 0.264035933
0.16032517 0.126569041 0.915225836 0.286767007
0.175345382 0.130130334 0.925251602 0.314496392
0.180626209 0.130574275 0.933150141 0.342705808
0.200504514 0.134770616 0.940229419 0.371007744
0.225354107 0.13733015 0.947161831 0.405031597
0.250633884 0.137168278 0.95311543 0.442246257
0.275514798 0.138439397 0.959202304 0.487638742
0.300445911 0.142435495 0.964263827 0.52963829
0.350560598 0.141036185 0.968149094 0.569638191
0.40055127 0.141475736 0.971156206 0.607483107
0.45054533 0.13718023 0.974217436 0.651637137
0.500583984 0.13510526 0.977115489 0.697860175
0.550814844 0.129805158 0.980219304 0.75396082
0.600811803 0.12785885 0.982226434 0.799871463
0.650707487 0.126673787 0.984235047 0.847601014
0.700689609 0.127180943 0.986199426 0.901137671
0.74014952 0.134316304 0.988118996 0.960498579
0.770150788 0.144222281 0.989080593 1.001786894
0.800210046 0.15394018 0.990215416 1.046461942
0.820079949 0.164243582
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Table B.2 (cont.)

3000 psi, 50°C (NMP): N,

3000 psi, 50°C (NMP): N,

Relative Quantity Absorbed| Relative Quantity Absorbed

Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)
0.098386948 0.130159979 0.840272936 0.136873226
0.120197307 0.131016941 0.860139238 0.155518813
0.125363032 0.1322587 0.875313524 0.172737303
0.140425154 0.132291569 0.890192998 0.193699919
0.150092563 0.133767239 0.905079495 0.22051366
0.160110617 0.13426158 0.915288104 0.244505522
0.175084799 0.133485133 0.925268049 0.271275322
0.180327507 0.132155569 0.933181446 0.295228679
0.196423046 0.131392989 0.940243724 0.32091312
0.225044668 0.133409734 0.947084689 0.359129652
0.249999922 0.130772113 0.953208221 0.394710442
0.274875815 0.133391286 0.959211215 0.435626035
0.299907229 0.131636972 0.964134263 0.477073724
0.349773678 0.125476192 0.968194513 0.517517476
0.399590997 0.123173327 0.971169346 0.554898807
0.447162952 0.117853345 0.974219557 0.589321944
0.494386306 0.114027594 0.97705564 0.630909363
0.549762978 0.106920052 0.980239292 0.681490918
0.600375727 0.097441568 0.982093509 0.720661815
0.650362795 0.093255243 0.984159404 0.766123
0.700122752 0.095745422 0.986112845 0.81457061
0.740203496 0.100023523 0.988168205 0.866241308
0.77007947 0.107762822 0.988974817 0.905836119
0.800325633 0.113196316 0.990449371 0.954511929
0.820034892 0.125148447
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Table B.2 (cont.)

3000 psi, 60°C (NMP): N,

3000 psi, 60°C (NMP): N,

Relative Quantity Absorbed| Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.097128279 0.111312501 0.840224217 0.136525773
0.120336377 0.114671829 0.860120643 0.151910509
0.125632618 0.116302254 0.875280807 0.164502889
0.140413484 0.118381815 0.890150536 0.179535604
0.150435434 0.117252049 0.905151299 0.202494597
0.160452305 0.121059179 0.915238916 0.22335636
0.17546813 0.119573588 0.925194345 0.248729712
0.180572116 0.120168363 0.93316728 0.276647736
0.200540808 0.118999284 0.940240957 0.302711669
0.225581943 0.122210998 0.947025106 0.333867341
0.25049426 0.124768566 0.953138583 0.3675154
0.275768598 0.124583585 0.959161269 0.406622322
0.300578049 0.12445083 0.964110616 0.44348085
0.350802697 0.123229687 0.96814784 0.484673399
0.400759039 0.122320858 0.971301472 0.519238764
0.447222616 0.11988266 0.97419914 0.557267443
0.501024057 0.112022054 0.977159809 0.600999323
0.547288905 0.099603436 0.980144723 0.649695721
0.600307175 0.098289364 0.98205135 0.689126025
0.650268623 0.095601402 0.984233733 0.736276891
0.700222568 0.097053855 0.98599506 0.789154241
0.74020723 0.102367314 0.988279368 0.86160605
0.770198942 0.106068716 0.988864608 0.898728432
0.800118582 0.115515759 0.990662879 0.957569186
0.820142908 0.127752621
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Table B.2 (cont.)

2500 psi, 60°C (NMP): N,

2500 psi, 60°C (NMP): N,

Relative Quantity Absorbed Relative Quantity Absorbed

Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)
0.101062629 0.087200755 0.839501183 0.032230798
0.120480562 0.087605165 0.859511849 0.037551928
0.125013483 0.089680558 0.874474472 0.044780373
0.140583608 0.08832576 0.889503245 0.053506813
0.150639986 0.086405169 0.904375232 0.066080014
0.158499936 0.090343894 0.914224746 0.078960839
0.175461908 0.08484007 0.924360796 0.094406507
0.180528692 0.084275882 0.932347247 0.108493962
0.200516992 0.080307954 0.939236756 0.123912233
0.225487265 0.081757654 0.946103953 0.148170376
0.250288461 0.080030121 0.952147363 0.173970241
0.27555234 0.084338157 0.958227057 0.202611196
0.300352606 0.080492586 0.963142199 0.227828865
0.350313159 0.073335456 0.96697751 0.254372233
0.400359615 0.069589266 0.970113972 0.279871647
0.446864485 0.063061593 0.973094966 0.305876465
0.493456792 0.052643286 0.975990774 0.333924901
0.546894737 0.039744387 0.978854865 0.366410158
0.600044603 0.031656179 0.98091598 0.396251251
0.64557833 0.02677175 0.984265631 0.442365546
0.699817158 0.019671891 0.986147813 0.477775849
0.739802664 0.021505937 0.988220062 0.519533034
0.769797713 0.017824497 0.988789602 0.541903799
0.799548705 0.023321038 0.990484606 0.581068689
0.819631224 0.026939201
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Table B.2 (cont.)

2000 psi, 60°C (NMP): N,

2000 psi, 60°C (NMP): N,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.100288838 0.099180066 0.839531055 0.047605379
0.120257256 0.10087546 0.859639522 0.059916149
0.125026915 0.100510844 0.874491904 0.073982678
0.140433355 0.098359527 0.889519838 0.091177766
0.14832988 0.097364886 0.904395592 0.114777844
0.156386148 0.098325137 0.914484136 0.136455214
0.175370248 0.099378792 0.924426674 0.163475229
0.180188727 0.098044574 0.932437047 0.190951533
0.20062975 0.097239666 0.939402346 0.217247581
0.225368281 0.095340399 0.947139884 0.251174234
0.249517938 0.093332197 0.953131044 0.283941498
0.275326215 0.096004546 0.959197722 0.325064775
0.300361052 0.09051357 0.964203347 0.367645516
0.350264414 0.084751055 0.968211387 0.406159682
0.397430307 0.079024279 0.971227909 0.442589597
0.444357218 0.065701624 0.974284858 0.482554865
0.499119607 0.05617235 0.97716619 0.52831973
0.545628253 0.048772463 0.980257502 0.580206769
0.599773802 0.038319149 0.98210705 0.62278026
0.646014554 0.034332163 0.984182748 0.673114247
0.699944799 0.025438595 0.986175247 0.724679314
0.739890788 0.025125464 0.988060047 0.7849591
0.769755713 0.028812679 0.98915215 0.829325916
0.799648913 0.033420917 0.990172776 0.872099738
0.819598017 0.038170854
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Table B.2 (cont.)

3000 psi, 40°C (Iso): N,

3000 psi, 40°C (Iso): N,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)
0.098121356 0.127215021 0.839909617 0.087828018

0.120258681

0.128159776

0.859821257

0.104030278

0.125635762 | 0.127383717 | 0.874887175 |  0.118901479
0.140491135 |  0.127084841 | 0.889840542 |  0.136646744
0.14872568 | 0.126073765 | 0.904823859 |  0.163007787
0.157073346 | 0.126017805 | 0.914893365 |  0.187493453
0.173676803 | 0.126165063 | 0.924851196 |  0.216901979
0.180339757 | 0.125727797 | 0.932852387 |  0.244426423
0.200332208 | 0.123713496 | 0.939704425 |  0.276988188
0.224624126 | 0.123263881 | 0.946841297 |  0.310806003
0.250470892 |  0.123046971 | 0.952639145 |  0.346445819
0.274942434 |  0.120719299 | 0.958792855 |  0.390168055
0.299288193 | 0.117880164 | 0.963736057 |  0.432466988
0.347872006 | 0.110783006 | 0.968124306 0.47702857
0.395982403 | 0.104755621 | 0.97124625 0.511358108
0.450355316 | 0.092143278 | 0.974163747 |  0.549878558
0.500372018 |  0.082532418 0.9771757 0.593229166
0.548088825 |  0.074659699 | 0.980106679 |  0.648449791
0.595763558 |  0.068122977 | 0.982204745 |  0.697287207
0.643299981 |  0.060945842 | 0.984251926 |  0.748736825
0.700193113 |  0.058668351 | 0.986184922 |  0.799808671
0.739974697 |  0.062139962 | 0.988037849 |  0.857099654
0.770066226 | 0.064538077 | 0.989066495 |  0.902471893
0.799924476 |  0.069895067 | 0.99029408 0.953671005
0.819977869 |  0.07642001
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Table B.2 (cont.)

3000 psi, 40°C (DMF): N,

3000 psi, 40°C (DMF): N,

Relative
Pressure (P/Py)

Quantity Absorbed

(mmol/g)

Relative
Pressure (P/Py)

Quantity Absorbed

(mmol/g)

0.100964378

0.137599587

0.840280754

0.174646184

0.120291374

0.142400838

0.860146598

0.193299196

0.125111932 |  0.142444249 | 0.875179707 |  0.217251209
0.140665051 |  0.14216377 | 0.890390764 |  0.240778101
0.150569265 |  0.144600869 | 0.905055046 |  0.275227256
0.160404458 |  0.144368405 | 0.915298311 |  0.300611726
0.175292053 |  0.146406321 | 0.925157116 |  0.334630565
0.180338034 | 0.149362507 | 0.933377315 |  0.359484022
0.200366215 |  0.151601343 | 0.940075795 |  0.387614394
0.225463648 |  0.15030269 | 0.947202691 |  0.426379522
0.250589983 | 0.151378717 | 0.953245124 |  0.462793283
0.275516199 |  0.147982825 | 0.959045436 |  0.511308073
0.300397881 |  0.154079385 | 0.964150412 0.56036304
0.350633079 | 0.147401058 | 0.968165931 0.60886659

0.4004731 0.150831467 | 0.971222958 |  0.648513144
0.45051269 | 0.146312736 | 0.974203125 |  0.684441188
0.500578429 |  0.145610266 | 0.977208175 |  0.717022882
0.550517325 |  0.135605736 | 0.980012278 |  0.768316196
0.600408709 | 0.138171559 | 0.982149774 |  0.823503232
0.650501351 | 0.136217886 | 0.984209673 |  0.889674977
0.700508877 |  0.131692778 | 0.986231184 |  0.962043119
0.740442986 | 0.135119218 | 0.988171579 |  1.026930775
0.770296715 |  0.135427405 | 0.988900639 | 1070688561
0.800181303 0.1439672 0.990530813 |  1.133893468
0.820138576 | 0.157848163
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Table B.2 (cont.)

Graphite: CO,

Graphite: CO,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)
0.003795029 0.621833226 0.039184276 20.55520768
0.007860901 1.307111913 0.038270742 21.29659011
0.016228289 2.027507145 0.018576905 21.94899613
0.050195556 2.778731958 0.013575861 22.61335107
0.104267201 3.029087031 0.015434324 23.28978969
0.140304726 3.736123465 0.015619044 23.90811612
0.195292702 4.457884322 0.015795821 24.52622969
0.250930203 4.819409681 0.015188462 25.26735989
0.260680497 5.041828334 0.015382067 25.92457158
0.279599253 5.782973414 0.013117235 26.54974031
0.320368387 6.468827377 0.0107283 27.21006062
0.337433528 6.548940806 0.011053905 27.99718826
0.52047158 6.643522628 0.011481089 28.67410684
0.634591781 6.75741771 0.011840919 29.35107214
0.039798904 7.369470834 0.012149334 30.02791286
0.048011876 8.110810796 0.012364837 30.70458696
0.059161588 8.84195169 0.013274922 31.38121407
0.067906237 9.569142942 0.011600813 32.1199962
0.082072402 10.29920324 0.010417121 32.85982386
0.085898843 11.03525924 0.011167036 33.60204614
0.089353483 11.77614352 0.011459181 34.27881021
0.091873568 12.52122962 0.011727996 34.95548473
0.094442689 13.27618507 0.01194452 35.63223005
0.091403502 14.01805652 0.012135371 36.30898142
0.086878675 14.75993178 0.013182849 36.98541647
0.083983271 15.51592371 0.011916484 37.64252247
0.037296262 16.12256953 0.010888416 38.3005149
0.037819542 16.8269716 0.010864024 38.96310633
0.038729147 17.58941633 0.010845839 39.6388805
0.040948053 18.33082256 0.011033074 40.31516272
0.04056105 19.07224225 0.012335123 40.99204904
0.039917806 19.8137147 0.013094685 41.66915993
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Table B.2 (cont.)
Graphite: CO, Graphite: CO,
Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.01390205 42.34620688 0.005781588 64.40994697
0.014789413 43.02307463 0.006455831 65.08623511
0.01557391 43.69999275 0.007134759 65.76256921
0.017809028 44.37678197 0.007781531 66.43867678
0.01475556 45.09140304 0.007507379 67.11476141
0.013703448 45.80427192 0.006957995 67.79038686
0.012948365 46.49881811 0.006433097 68.46570947
0.013503352 47.29886108 0.006035459 69.14091936
0.013783341 47.97622693 0.005725471 69.81559205
0.010297303 48.67140452 0.005372898 70.4901788
0.011431032 49.44827685 0.005254138 71.16469861
0.012352799 50.12566077 0.005212481 71.83896236
0.013258196 50.80303709 0.005167154 72.51301949
0.01414986 51.48034109 0.005118662 73.18723161
0.016477919 52.15725261 0.005070222 73.8614379
0.01419108 52.82134894 0.005022278 74.53576032
0.013778092 53.47147078 0.004899708 75.21036141
0.01328737 54.09196595 0.004839408 75.88515279
0.015131126 54.89693253 0.004776986 76.56042381
0.016354994 55.57445802 0.004714202 77.2358179
0.017551498 56.25173665 0.004652833 77.91163465
0.018598519 56.88379561 0.004596425 78.58743682
0.019649152 57.51546221 0.00448795 79.26351278
0.021908177 58.25660866 0.004424656 79.93972564
0.023132862 58.91098965 0.004366605 80.61616971
0.024332263 59.56519017 0.004311558 81.2927965
0.025022143 60.30621769 0.004302626 81.96926501
0.012189722 61.01898681 0.004247497 82.64589893
0.008262405 61.63938632 0.004135336 83.32251854
0.006273512 62.25130979 0.004070019 83.99874877

0.0057646 62.99222584 0.003989267 84.67512454
0.005138118 63.73357875 0.003929408 85.35108374
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Table B.2 (cont.)

Graphite: CO,

Graphite: CO,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.003854295 86.02717496 0.002868676 112.5715467
0.003772943 86.70298126 0.00277727 113.2143477
0.00370655 87.37871954 0.002796244 114.3391546
0.003640094 88.05423418 0.002758056 115.4649582
0.003579122 88.72998456 0.002701597 116.1241055
0.003522549 89.40542752 0.002698486 117.2497456
0.003464903 90.08075529 0.002643629 117.893682
0.003412337 90.75629537 0.002648123 119.0189992
0.003369937 91.43182968 0.00258022 119.6784575
0.003317982 92.10721286 0.002596968 120.8045421
0.003267488 92.78272452 0.002610214 121.9301243
0.003223955 93.45807905 0.002579728 123.0558239
0.003179262 94.13336649 0.002502399 123.6993275
0.003138756 94.80868943 0.002519254 124.8265523
0.003140422 95.67138985 0.002559227 125.9512469
0.003202573 97.03395946 0.002546867 127.0200842

0.0032585 98.52435436 0.00236026 127.8552298
0.003178799 99.37693118 0.002377803 128.9227784
0.003123145 100.2859226 0.002368614 130.0444568
0.003075812 101.1943256 0.002223314 130.8961455
0.003030571 102.0639453 0.002146905 132.0089359
0.002990107 102.9330727 0.002128633 132.6130627
0.002969154 103.8409783 0.002079555 133.7891952
0.002944604 104.7486237 0.00201306 134.9654333
0.002928094 105.6175649 0.001995034 135.6241561
0.00290525 106.5424424 0.001989707 136.2275163
0.002902968 107.4663156 0.001948339 137.0621024
0.002872615 108.3197054 0.001998043 138.0501065
0.002858269 109.1732259 0.002020518 139.0972312
0.002843839 110.027515 0.002033362 140.0908306
0.002979087 110.8809903 0.002070705 141.1390295
0.00289873 111.5234906 0.002378828 142.3122642
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Table B.2 (cont.)

Graphite : CO, 3000 psi, 40°C (NMP): CO,
Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.002228036 143.4873468 0.11205 0.123618261
0.002165128 144.0898607 0.15412 0.164869327
0.00205422 145.2660178 0.16312 0.175197281
0.00196234 146.440916 0.17727 0.199638035
0.001938656 147.0437079 0.17874 0.209978528
0.001857983 148.2189932 0.19386 0.221534895
0.001823717 148.8212745 0.20574 0.2865073

0.001855695 149.4251471 0.21809 0.940637178
0.001847172 150.2807786 0.26302 1.344356599
0.001816759 151.1982625 0.30898 1.67214164
0.001689003 152.246267 0.31987 1.798200678
0.001700946 153.2400801 0.05358 2.404243266
0.001687534 154.2322341 0.06352 3.058842208
0.001667254 155.1544013 0.07985 3.684172224
0.001527198 155.9942326 0.10402 4.308384692
0.001545596 156.9152682 0.10596 5.049406675
0.00154229 157.8531414 0.11097 5.750511756
0.001560259 158.7889951 0.11685 6.43875449
0.001540437 159.8426148 0.12385 7.106269999
0.001884055 160.6667962 0.11773 7.751131314
0.00327275 161.6615929 0.11262 8.38968647
0.006596328 162.7864972 0.10943 9.00761978
0.008861375 163.626342 0.04362 9.613417869
0.012341385 164.7390046 0.01741 10.22075843
0.018545489 165.794449 0.02955 10.84112486
0.032126712 166.8595451 0.0359 11.46482829
0.08082192 167.9994466 0.04181 12.09081061
0.185397084 169.0227174 0.05309 12.71763798
0.412912043 169.8526699 0.05787 13.4586891

0.698299716 170.3190161 0.06261 14.18762317
0.834067064 170.3319186 0.07104 14.91586645
1.046212205 170.3923617 0.0751 15.63156171
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Table B.2 (cont.)

3000 psi, 40°C (NMP): CO,

3000 psi, 40°C (NMP): CO,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.07559762 16.3390299 0.002594277 38.47759965
0.075929848 17.0427302 0.002551709 39.12204297
0.078786348 17.73925244 0.002489188 39.7330281

0.003065791 18.4427967 0.002472974 40.41129087
0.002935195 19.18504265 0.00252593 41.08946945
0.00302039 19.86298828 0.002463817 41.74371119
0.003226125 20.54088784 0.002420716 42.40986045
0.003524583 21.21874314 0.002377781 43.07587509
0.003670688 21.89658285 0.002369757 43.74184234
0.003790698 22.57450042 0.00232955 44.41945868
0.003888951 23.25226849 0.002371943 45.09692277
0.003841316 23.93006156 0.002327032 45.77426418
0.003961947 24.60769606 0.002283007 46.45159975
0.003690467 25.28472793 0.002242917 47.12880576
0.00345907 25.96204222 0.002218031 47.80600402
0.003261878 26.63958037 0.00227063 48.4831852

0.003260071 27.38062525 0.002223127 49.16012458
0.003276927 28.05890331 0.002187183 49.83717243
0.003283965 28.73706931 0.002151013 50.51436442
0.003284304 29.41507658 0.002144701 51.1914921

0.003272927 30.09325754 0.002112096 51.86885873
0.003232111 30.77138974 0.002155353 52.54609971
0.00327414 31.44943702 0.002116102 53.22349845
0.003090514 32.24229563 0.002078261 53.9010686

0.002961381 33.03521242 0.002051453 54.57863045
0.002909914 33.6385676 0.002019699 55.25641133
0.002810834 34.37981749 0.002055512 55.93422796
0.002774454 35.05768146 0.002006351 56.61204384
0.002610172 35.79888361 0.001961941 57.29000004
0.002611024 36.47702988 0.001919921 57.96788874
0.002582243 37.15514422 0.001913022 58.64582656
0.002639329 37.83319902 0.001895585 59.32387908
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Table B.2 (cont.)

3000 psi, 40°C (NMP): CO,

3000 psi, 40°C (NMP): CO,

Relative Quantity Absorbed Relative Quantity Absorbed
Pressure (P/Py) (mmol/g) Pressure (P/Py) (mmol/g)

0.00195104 60.0019765 0.000668361 81.70468757
0.001941632 60.67996595 0.000711779 82.38229776
0.001924752 61.35818404 0.000678064 83.05984316
0.001937803 62.03619311 0.000634589 83.73744419
0.002005009 62.71430378 0.00059677 84.41492029
0.002675969 63.39186143 0.000558601 85.09247708
0.002522292 64.06951084 0.000522824 85.76991044
0.002496147 64.74724797 0.000547675 86.44725462
0.002349001 65.42507508 0.00051586 87.12452789
0.002220152 66.10317422 0.000480096 87.80188434
0.002108323 66.78141749 0.000452557 88.47912584
0.001946706 67.45954186 0.000430784 89.15660919
0.00178193 68.13784261 0.000413708 89.83389917
0.001636702 68.81607988 0.000458396 90.51094548
0.001600697 69.49433216 0.000427615 91.18803183
0.001474791 70.1727666 0.000405589 91.86520435
0.001366627 70.85115704 0.000389233 92.54239126
0.00127173 71.52967992 0.000378705 93.21938976
0.001189651 72.20837887 0.000405377 93.89627782
0.00112148 72.88695935 0.000727653 94.57254172
0.001138956 73.56558054 0.002110931 95.24551155
0.00106724 74.24422659 0.008695085 95.9026475
0.001002879 74.92274204 0.058471727 96.74742798
0.00094802 75.60129819 0.131400039 97.00054863
0.000899718 76.28006836 0.190325644 96.9770901
0.000856424 76.95853027 0.276076011 97.068927
0.000818613 77.63687494 0.412673704 99.09029499
0.000849091 78.31509989 0.764144777 100.0616416
0.000800335 78.99302215 0.89414135 100.3565492
0.000758634 79.67113775 1.49831055 99.68340406
0.000722114 80.34907394

0.000701881 81.02683088
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Appendix C. AFM section analysis
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C.1 Section analysis of the treated flakes at 60°C and 3000 psi
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Figure C.1 Horizontal (a) and vertical section analysis (b) of the flake 1.2 of Figure 4.51
(60°C, 3000 psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan

rate, 512 numbers per line, and a 500.0 nm data scale.
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A Section Analysis a
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Figure C.2 Horizontal (a) and vertical section analysis (b) of the flake 1.3 of Figure 4.51
(60°C, 3000 psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan
rate, 512 numbers per line, and a 500.0 nm data scale.
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C.2 Section analysis of the treated flakes at 60°C and 2500 psi

ctrum Zoom

nm Section Analysis
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Figure C.3 Horizontal (a) and vertical section analysis (b) of the flake 2.2 (60°C, 2500
psi). The image was constructed at a 50.00 um scan size, a 0.1001 Hz scan rate, 512

numbers per line, and a 500.0 nm data scale.
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rim Section Analysis
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Figure C.4 Horizontal (a) and vertical section analysis (b) of the flake 2.4 of Figure 4.53
(60°C, 2500 psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan
rate, 512 numbers per line, and a 500.0 nm data scale.
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Figure C.5 Horizontal (a) and vertical section analysis (b) of the flake 2.6 of (60°C, 2500
psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan rate, 512
numbers per line, and a 500.0 nm data scale.
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Figure C.6 Horizontal (a) and vertical section analysis (b) of the flake 2.8 of (60°C, 2500
psi). The image was constructed at a 5.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 200.0 nm data scale.
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Figure C.7 Horizontal (a) and vertical section analysis (b) of the flake 2.9 (60°C, 2500
psi. The image was constructed at a 5.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 150.0 nm data scale.
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Figure C.8 Horizontal (a) and vertical section analysis (b) of the flake 2.13 (60°C, 2500
psi). The image was constructed at a 1.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 50.0 nm data scale.
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Figure C.9 Horizontal (a) and vertical section analysis (b) of the flake 2.14 (60°C, 2500
psi). The image was constructed at a 1.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 50.0 nm data scale.
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D.3 Section analysis of the treated flakes at 60°C and 2000 psi

ctrum Zoom

nm Section Analysis
=
(=]
=
=
(=]
=
o
1 I I
0 25.0 50.0
Mm
Y Spectrum

[o]ag Min
samplel7-1dr.003

a
L 292.97 rm
RMS 4.699 nm
Tc
RaClc)
Rmax
Rz
Rz Cnt
Radius
S9gma
surface distance 293.35 nm
Horiz distance(L) 292,97 nm
vert distance 10.129 fm
Angle 1.980 °
Surface distance
Horiz distance
vert distance
Angle
Surface distance
Horiz distance
vert distance
Angle
Spectral period DC
Spectral freqg O fum
Spectral RMS amp 13.760 nm

nm Section Analysis
. Y
(=]
=
(=]
(=]
4l
i

I I I

o 20.0 40.0

Hm
‘ Spectrum

DcC Min
samplel7-1dr.003

60.

L 781.25 nm
RMS 77.689 nm
Tc ile
rRaClcy 18.435 nm
Rmax 72,585 nm
Rz 72,585 nm
Rz Cnt 2
Radius  933.05 nm
Sigma 24.154 nm
Surface distance 833.24 mm
Horiz distance(L) 7B1L.25 nm
vert distance 204,13 nm
Angle 14.643 °
Surface distance
Horiz distance
vert distance
Angle
surface distance
Horiz distance
vert distance
Angle
Spectral periad DC
Spectral freq 0 Sum
Spectral RMS amp 14.663 nm

Figure C.10 Vertical section analysis of the flake 3.1 (a) and 3.2 (b) (60°C, 2000 psi).
The image was constructed at a 50.00 um scan size, a 0.1001 Hz scan rate, 512 numbers

per line, and a 500.0 nm data scale.
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Figure C.11 Horizontal (a) and vertical section analysis (b) of the flake 3.3 (60°C, 2000
psi). The image was constructed at a 5.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 500.0 nm data scale.
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Figure C.12 Horizontal (a) and vertical section analysis (b) of the flake 3.8 (60°C, 2000
psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan rate, 512
numbers per line, and a 500.0 nm data scale.
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Figure C.13 Horizontal (a) and vertical section analysis (b) of the flake 3.9 (60°C, 2000
psi). The image was constructed at a 5.00 um scan size, a 1.387 Hz scan rate, 512
numbers per line, and a 500.0 nm data scale.
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Figure C.14 Horizontal (a) and vertical section analysis (b) of the flake 3.11 (60°C, 2000
psi). The image was constructed at a 5.00 um scan size, a 1.001 Hz scan rate, 512
numbers per line, and a 50.0 nm data scale.
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Figure C.15 Horizontal (a) and vertical section analysis (b) of the flake 3.12 of Figure
4.55 (60°C, 2000 psi). The image was constructed at a 1.00 um scan size, a 1.001 Hz
scan rate, 512 numbers per line, and a 50.0 nm data scale.
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