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Pyrograf IIITM fibers (PR-19-PS, Applied Sciences, Inc.) with 100-300 nm 

diameters and ~ 10-100 µm lengths were used with a low viscosity aliphatic epoxy resin 

(Clearstream 9000, Clearstream Products, Inc.) to produce composites. The VGCFs were 

oxidized in 69-71 wt% nitric acid (115°C) for various times (10 min to 24 h) to modify 

the surface to enhance fiber/matrix adhesion. Remarkably, little fiber weight loss was 

detected even after 24 h of oxidation. Composites containing 19.2 volume percent (29.4 

weight percent) VGCFs were prepared. Their flexural strengths and flexural moduli were 

obtained. The flexural strengths did not increase using oxidized VGCFs. Fiber surfaces 

were characterized using N2 BET, CO2 DR, XPS, SEM, TEM and base uptake 

measurements. Increasing the oxidation time produced only small initial increases in 

surface area up to a limit. Significant surface oxygen was present before oxidation and 

the amount increased initially, though not continuously, with nitric acid oxidation. 
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CHAPTER I 
 

INTRODUCTION 
 

History 
 

The earliest known reference to vapor grown carbon fibers (VGCFs) is an 1889 

patent by Hughes and Chambers [1] describing the growth of “hair-like carbon filaments” 

from a mixture of hydrogen and methane in an iron cubicle. These thickened carbon 

filaments, formed by chemical vapor deposition, were thick enough (~20 µm in diameter) 

to be observed by the naked eye. It was not until the invention of the electron microscope 

that Davis, Lawson and Rigby [2] were able to observe nanometer-sized diameter carbon 

filaments for the first time. This discovery of filamentous carbon inspired a multitude of 

papers on the observation of carbon filaments [3]. Meanwhile, parallel literature on vapor 

grown carbon fibers developed [4] without a clear understanding that VGCFs were 

simply carbon filaments thickened by vapor-deposited carbon. With the development of 

conventional rayon and polyacrylonitrile (PAN)-based carbon fibers (7-10 µm in 

diameter), researchers studying VGCF recognized that these fibers could be useful as a 

reinforcement. Efforts to produce VGCF of approximately 10 µm in diameter with a 

length longer than 1 mm were published by Koyama and Endo in Japan [5], Benissad et 

al. [6] in France, and Tibbetts [7] in the USA. Despite the inexpensive feedstocks used by 

these researchers, the long periods required in the reaction chamber and sparse 
1
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product yields produced by these methods proved impractical for most of the 

applications. Koyama and Endo [8], Hatano, Ohsaki, and Arakawa [9] and others sought 

to develop a continuous process to produce smaller diameter VGCFs in higher yields by 

the mid 1980’s.  Applied Sciences Inc., (ASI) in USA, first marketed VGCFs produced 

from methane in a tubular furnace.  

The carbon fibers are produced by catalytic dehydrogenation of a hydrocarbon 

(methane, benzene or naphthalene) at high temperatures in a flow system. Small particles 

of transition metals like iron (10 nm diameter) are heated in an atmosphere of hydrogen 

and hydrocarbon vapors [10,12]. The iron particle is the nucleation site for the fiber tip. 

Therefore, the initial carbon filament diameter is directly proportional to the iron particle 

diameter, i.e. 10 nm [13-15]. The initial iron particle size must be very small (<15 nm) 

because a considerable decrease in activity is observed when the iron particle diameter 

exceeds 15 nm [17]. It is very important to retain the small particle size in the flowing gas 

and to avoid particle coagulation to a larger ineffective diameter [17]. The iron particles 

may begin extruding long slender filaments of fairly graphitic carbon at over 900°C. 

Figure 1.1 shows the method by which these fibers are produced. They grow as rapidly as 

1 mm/min and lengthen for several minutes until the iron particle is deactivated [10,16]. 

These filaments may be of several centimeters in length but only 10 nm in diameter.  

Figure 1.2 illustrates the growth of fibers in a reaction chamber. These filaments can be 

thickened by chemical vapor deposition of carbon to become macroscopic fibers as 

shown in Figure 1.5 [10]. This carbon chemical vapor deposition process causes the 

fibers to develop the morphology shown in Figure 1.5. X-ray and electron diffraction 

studies by Oberlin et al. have shown that the filaments are comprised of concentric 
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cylinders of graphitic basal planes and are preferentially oriented parallel or at highly 

oblique angles to the fiber axis [11]. 

 

 
 
 

Figure 1.1 Description of the production of VGCF. (a) During the saturation     
                  phase an iron particle is loaded with carbon from the gas phase. (b) A   
                  carbon filament then precipitates and lengthens as more carbon is  
                  supplied by the gas phase. (c) Finally, the filament is thickened by  
                  vapor deposited carbon. C 

 
                 Tibbetts, G.G., Endo, M., and Beetz C P Jr., SAMPE J., 1986, 22, 30. 
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Catalyst 
Source 

 

                 Figure 1.2 Three-dimensional growth of fibers in a reaction chamber. 

 

 

 

 

 

 

Figure 1.3 Schematic representation of the structure of VGCF: a) Concentric cones of graphitic 
                       planes b) Fiber longitudinal section along the fiber axis 
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Figure 1.4 TEM image of the wall of a carbon nanotube(VGCF) grown by ASI’s      
                  Pyrograf IIITM  process. The light portion to the right is the hollow core. The  
                  parallel lines at the center are the graphitic planes of the initially formed  
                  filament of the catalytically grown carbon. At left is less orderly CVD   
                  pyrolytic (turbostratic)carbon. 
 
 

 

 

Figure 1.5 Transverse section of large sized (Pyrograf ITM-type) VGCF showing tree ring   
                  morphology. 
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Advantages and disadvantages of VGCFs 

VGCFs have two main advantages, cost and availability. They can be very 

inexpensive due to their size and by the use of natural gas as the source of hydrocarbon 

gas [18,19]. The fiber diameter is a cost driver for VGCF [19]. Smaller fibers like 

Pyrograf IIITM (0.06 - 0.3 µm diameter, 50-100 microns in length) require less time in a 

continuous flow reaction chamber, thus reducing cost [18,19]. Pyrograf ITM, which has a 

fiber diameter between 1-100 µm (10 to 300 times the size of Pyrograf IIITM), is much 

more expensive due to its much greater exposure time in the reactor and also because it is 

grown from a stationary surface. Thus, this non-continuous process for the manufacture 

of Pyrograf I results in lower throughput. 

The disadvantages associated with Pyrograf IIITM VGCFs include obtaining a non-

standardized product, lack of a detailed knowledge of its material properties, and fiber 

packing problems. Since Pyrograf IIITM fibers are very small, the individual fiber material 

properties are extremely difficult to measure [14,18,19]. Patton and Pittman have recently 

reported lower limits for their flexural moduli and flexural strengths [18,15].  Table 1.1 

shows the mechanical property comparison between Pyrograf ITM and Pyrograf IIITM [28]. 
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        Table 1.1 Mechanical property comparison between Pyrograf ITM and Pyrograf IIITM  a 

Property Pyrograf ITM Pyrograf IIITM 

Diameter 1-100 µm 0.1-0.3 µm 

Tensile strength 2.7 GPa 1.70-3.38 GPa b 

Young’s modulus 400 GPa 88-166 GPa b 

 

a Patton, R.D., Pittman Jr.C.U. and Wang, L.,Composites: Part A, 1999, 30A (9),1081. 
 
b These values were calculated from the rule of mixtures after measuring the properties of     
  VGCF/epoxy composites with 15% and 19% wt. VGCF, which were mixed in a high  
  speed blender followed by extensive two-roll milling. They represent the lower limits  
  of the properties because these composites have flaws. If they were perfect, the tensile  
  strengths and tensile moduli of these composites ( and hence that calculated for the  
  fibers) would be higher. 

 

 

Mechanical properties have been measured for much smaller carbon nanotubes by 

atomic force microscopy [20-22]. Due to their size, no testing equipment or techniques 

exist at this time for measuring the mechanical and thermal properties of Pyrograf IIITM 

fibers. Hence, their material properties are often assumed to be similar to those of 

Pyrograf ITM, since their preparation differs only in the growth time used. Furthermore, 

approximations of both flexural and tensile moduli and flexural and tensile strength of 

Pyrograf IIITM deduced from composites prepared in our laboratory, and elsewhere, agree 

with this premise ( see Table 1.1). However, the ratio of the pyrolytic carbon outer region 

to the tubular graphite inner core is different for these two classes of fibers. At present, 

little data exist for Pyrograf IIITM fibers. Table 1.2 lists the material properties for 
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Pyrograf ITM fibers, under the assumption that the two classes of fibers have similar 

properties. 

 

Table 1.2 Properties of Pyrograf ITM fibers a. 

Property Value Units 
Fiber diameter 1-100 µm 
Tensile strength 2.7 Gpa 
Tensile modulus 400 Gpa 
Ultimate strain 1.5 % 
Density 1.8 G/cm3 
Coefficient of thermal expansion -1.0 ppm/°C 
Electrical resistance 1000 µΩcm 
Thermal conductivity 20 W/mK 

               
                   a  Applied Sciences, Inc. (ASI, Cedarville, Ohio) 
 

 

Mechanical properties of VGCFs 

Mechanical properties control many applications of composites, and much 

research on VGCF composites has focused on determining these properties [23]. 

Chellappa et al. [24], Shui and Chung [25], as well as Ciminelli et al. [26] obtained poor 

mechanical properties when testing VGCF composites. Chellappa et al. [24] attributed 

poor mechanical results in the VGCF composite they prepared to poor fiber/matrix 

adhesion, poor fiber dispersion, the presence of voids and use of a weak thermoplastic 

elastomer matrix having a 0.1 MPa ultimate strength. Shui and Chung [25] and Ciminelli 

et al. [26] attributed the poor mechanical properties to insufficient bonding between the 

VGCF and the matrix. It also appears that they achieved poor fiber wetting and poor fiber 

dispersion. 
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The first strength improvements in VGCF composites were observed by Patton, 

Pittman and Wang [15,18,19]. The main variable contributing to these strength 

improvements was the use of pre-cure high shear mixing techniques. These techniques 

aided in resin infusion, which is one of the two most important problems associated with 

making VGCF composites. VGCFs were mixed with a low viscosity epoxy resin using a 

high-speed blender. A two-roll mill was then used to provide high shear mixing. After 

curing and stress/strain analysis, the values obtained for the flexural moduli and flexural 

strength of these fibers (Pyrograf IIITM) were approximated using the rule of mixtures. 

The lower limits of VGCF’s flexural moduli and flexural strength obtained are shown in 

Table 1.1 [28]. It was observed that composites with high fiber volume fractions did not 

exhibit any strength improvements. These composites had poor mechanical properties 

due to their high porosity resulting from fiber packing problems and fiber nesting. 

The most striking property improvements yet achieved by using Pyrograf IIITM 

fibers were reported by Kumar et al. [27]. VGCF/poly(propylene) (5/95 wt./wt.) 

composite fibers were prepared by a twin screw extrusion (high shear mixing) followed 

by melt spinning and drawing. This produced polypropylene fibers containing highly 

aligned fibers, which were oriented along the fiber axis and were not aggregated. 

Property improvements were reported in tensile strength (16.3%), tensile modulus 

(54.3%) and compressive strength (92%) versus the corresponding properties for 100% 

Poly(propylene) fibers [27]. Based on rule of mixtures and the tensile strength and tensile 

modulus of the composite used, the tensile modulus of the fiber was found to be 117 GPa 

and the tensile strength was found to be 4077 MPa (assuming perfect one dimensional 

alignment along the fiber axis). According to SEM studies of the composites, Pyrograf 
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IIITM appears to be highly random in a 3-D orientation. This would result in the modulus 

of the fiber to be greater than 117 GPa. Patton, Pittman and Wang [15,18,19] have 

reported the modulus of Pyrograf IIITM fibers to be between 88 and 166 GPa.              

 

 

Problem areas 

1) Packing and resin infusion 

VGCFs present serious packing problems. These fibers are curved and tangled 

and do not lie down easily into mats. They are difficult to align due to their small size and 

entanglements. These fibers come in light, fluffy bundles with a density of about 0.01 

g/cm3 (0.5% fiber volume fraction, Vf). Even after standard debulking (wet grinding, 

compression, etc), the fiber volume fraction could be increased to only about 3%. This 

creates serious problems during composite fabrication from VGCF, and in shipping 

VGCFs. The apparent volume of the fibers can be divided into two parts. One part is 

caused by the elasticity of the fibers. When pressure is applied, this part of the apparent 

volume is reduced. The other part is caused by the randomness of fiber orientation and by 

the aspect ratio of the fibers. This part of the apparent volume is not affected by pressure, 

unless the pressure is great enough either to break the fibers, thus reducing the aspect 

ratio, or to decrease the average fiber radius of curvature. Since most VGCFs are curved, 

decreasing the average radius of curvature leads to a decrease in the effective aspect ratio 

of the fibers. 

 The maximum packing fraction of cylindrical rods having a random three-

dimensional orientation has been investigated both theoretically and experimentally [29]. 
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The packing efficiency varies with the aspect ratio (L/D). The maximum three-

dimensional random packing fraction, when L/D >50, yields a fiber volume fraction of 

only around 10% using both theoretical and experimental approaches [10]. The curvature 

and entanglements present in the Pyrograf IIITM VGCF reduce its effective L/D, while the 

range of fiber sizes also improves the packing efficiency. There is an upper limit to the 

fiber volume that can be achieved by pressing the VGCFs before the fibers begin to 

break. During composite preparation, substantial pressure is needed in order to achieve 

reasonable fiber loading (>20% Vf for best results). These features make it difficult to 

obtain VGCF composites with high fiber volume fractions. 

As the Vf of VGCF in composites increases, these composite samples exhibit 

large increases in porosity [15]. This increase in voids lowered the ultimate strength of 

the samples [15]. The low packing fraction available using random three-dimensional 

VGCF orientation is a severe limitation on the maximum fiber volume fraction attainable. 

This limitation could be reduced by moving from a random three-dimensional orientation 

to a two-dimensional orientation. The use of high shear mixing of VGCF with the matrix 

resin appears to be one of the more practical approaches possible to achieve this goal. 

The large surface area of these fibers makes resin infusion very difficult, particularly as 

Vf increases. The resin at the fiber surfaces forms a surface boundary layer. These 

boundary layers compose a much larger fraction of the total composite’s volume when 

small-sized VGCFs are used instead of PAN or pitch carbon fibers at the same volume 

fractions. This makes the distribution of resin to all areas of the composite difficult to 

achieve. The resin infusion (i.e., the quality of contact between the fibers and resin) 

cannot be measured directly, although porosity provides an indirect measurement. 
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Additionally, the distribution of void sizes and incomplete fiber wetting may be as 

important as the value of total porosity in degradation of composite properties. Thus, 

even in composites with relatively low porosities, considerable degradation of properties 

may occur due to pore distribution. 

 

2) Infiltration 

It is difficult to form void-free composites with thin fibers because of the high 

viscous dynamic drag impeding the infiltration of polymer between the fibers [30]. A 

one-dimensional solution of Darcy’s law [31] can be used to calculate the infiltration 

depth, d. Equation 1.1 describes d in a viscous fluid of viscosity, µ, applied pressure, Po, 

and a duration of infiltration, τ, permeating a volume fraction of fibers, V and with the 

permeability, K, of the preform or mass of fibers. 

 
    2KPo                                                                                   Eq 1.1                                

                  √ µ(1-V) 
 
 

For fibrous materials of radius r, equation 1.2 has been shown to represent the 

permeability fairly well [31]. 

             




−

Vr 4122 2

                                                              Eq 1.2 

 

 The 

value for co

infiltration r
        K =
n

a

 d =
 ΠgV

dependence of K on r2 means that K for 0.1 µm fibers is only 10-4 times the 

ventional 10 µm fibers. This extremely small value of K leads to very slow 

tes. Dispersing and mixing the fibers before infiltration, infiltrating at high 
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pressures, using less viscous polymers and infiltrating for long periods, can help solve 

this problem. High shear mixing also assists this goal. It has been reported that one 

practical solution has been to decrease the average size of the nested clumps of fibers, 

making resin infiltration of the clumps easier [30]. 

 

3) Orientation 

Composites formed with randomly oriented fibers have considerably poorer 

mechanical properties than those in which the fibers are one- or two-dimensionally 

oriented [32]. This has been explained in detail in section 1 of problem areas. 

 

4) Debulking 

During the chemical vapor deposition thickening process of the filaments, the 

masses of entangled filaments become cemented together in places by the carbon coating, 

rendering any prospect of ‘combing’ the fibers into a more tractable form very difficult. 

Applied Sciences, while growing Pyrograf fibers, found that well-formed clumps of long 

fibers coming out of the reactor have an apparent bulk density less than 0.001 g/cc [30]. It 

is easy to compress this material to around 0.05 g/cc, but further compression can be 

destructive to the fibers and diminish the mechanical or electrical properties of the 

resulting composites [30]. Converting this substance into a dense material, which can be 

conveniently poured into the hopper of an injection-molding machine, is a challenge, 

which must be overcome before further applications can be realized. 
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Surface treatments 

Unlike traditional PAN- or pitch-based carbon fibers, the unique growth 

mechanism that forms VGCFs, results in fibers with a lower concentration of functional 

groups on the surface [35]. This may result in inadequate bonding between the VGCF 

and the polymer matrix. Consequently, polymer composites reinforced with VGCF may 

exhibit mechanical properties that are inferior to those of polymer composites reinforced 

with commercial PAN or pitch based carbon fibers. To increase the surface 

concentrations of functional groups, various surface modification methods have been 

investigated [33], including in situ modifications and post-process modifications. Surface 

spectroscopy indicated that the surface concentrations of various functional groups, 

especially functional groups containing oxygen, could be increased by these treatments 

[33]. The chemical nature of the surface carbons such as ratio of aliphatic to aromatic 

carbon and the size of the aromatic system depends on the surface treatment. Since the 

average VGCF diameter (0.2 µm) is very small compared to that of PAN- or pitch-based 

carbon fiber (5-10 µm) [34], these surface treatments are thought by some to also affect 

the bulk chemistry and structure of VGCF in addition to the surface chemistry [33a]. 

Interfacial adhesion has been a topic of concern in composites technology for 

decades [35-37]. Previous studies have attempted to generate strong adhesion between 

the fiber surface and the matrix [38-41]. Numerous methods have been developed to 

improve the wetability of the fiber surface or to increase the quantity of the surface 

functional groups [39,40]. However, the presence of strong interfacial bonding alone may 

not always lead to satisfactory composite properties. For example, the presence of a 

tightly bound, but stiff, interface can result in high stress concentrations at the interface, 
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which result in low impact strength [42]. The introduction of a strongly bound, 

concentric, elastomeric interphase layer between the matrix and fiber might be expected 

to improve this situation significantly [43-47]. However, the extent of chemical bonding 

of this elastomeric interphase to both the matrix and fiber surface will be an important 

consideration. Without substantial covalent bonding to augment adhesion between the 

two interfaces (fiber/elastomer and elastomer/matrix), the fiber-to-matrix adhesion could 

be weak. Rupture of either interface could degrade composite properties. Investigations 

of composite systems containing such fiber-bound elastomeric interphases have been 

reported [48-52]. 

 

Surface studies of VGCFs 

1) Surface chemistry 

The functional groups present on the surface of the carbon fibers can enhance the 

surface chemical bonding between the fibers and the matrix. Therefore, many types of 

analyses have been employed to characterize the surface functions of PAN-based fibers 

[53,54]. The traditional analytical methods, such as base neutralization, have been 

employed to analyze the fiber surface. Previous studies of PAN-based carbon fibers have 

shown that oxidized carbon surfaces usually contain phenolic, aryl ether, ketone, 

carboxylic acid, anhydride, and ester groups, etc. [55-57]. Thus, reactions with amines, 

acids, isocyanates, epoxy resins, alcohol, etc., can be expected. 

Many fiber structure models (PAN-/Pitch-based fibers) have been reported in the 

last two decades [58-61]. None of these models could explain all the fiber properties. 

Two general types of carbon exist in PAN-based fibers: graphitic sheets and non-
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graphitic (amorphous) carbon structures [62]. Moreover, graphite layers exist as basal 

planes and lateral planes, based on the orientation of graphite layers to the fiber surface. 

The amorphous regions of PAN-based fibers consist of graphitizable and non-

graphitizable carbon. Graphitized carbon can be converted into more stable graphitic 

structures by heat treatment [63]. The non-graphitized carbon is amorphous and it cannot 

be converted into graphitic structures even on increasing the temperature to 3500°C.  

Vapor grown carbon fibers have a very different morphology and structure than 

PAN- or pitch- or rayon based fibers. It has been shown that the largest portion of the 

surface of VGCF consists of graphite-like structures [64]. The central filament of the 

VGCFs is hollow with the walls comprised of well-organized graphitic planes wrapped as 

cones along the fiber axis. The central filament is covered by a layer of 

turbostratic/pyrolytic carbon deposited by CVD once the filament diameter has grown to 

the diameter of the catalyst particle. About one-fifth of the carbon present in this layer is 

different from well-ordered graphite (e.g. a twisted graphite-like region with many 

defects) [33]. The presence of graphite-like structures is important, since they are known 

to be the active sites for the interaction with polymers [33]. In contrast to PAN-based 

carbon fibers, these less-ordered carbon structures in VGCFs are stable at higher 

temperature [64]. The concentration of surface oxygen groups on VGCF is lower than on 

PAN- or pitch-based carbon fibers, according to the group at ASI, Inc. [64]. 

Scanning and transmission electron microscopy have also been employed to 

characterize these VGCFs. Previous research on the behavior of VGCF towards air 

oxidation has shown that the core of the fibers is more resistant to air oxidation [65].  

SEM pictures obtained by Serp et al. [65] on larger diameter VGCFs shows the inner core 
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of the fiber remains unaffected by air oxidation. Figure 1.6 shows the SEM micrograph 

obtained by Serp et al. showing the carbon filament present in the inner core.  This 

rationalization sheds light on the surface area results obtained on small Pyrograf IIITM 

VGCFs obtained in this thesis (e.g. increasing oxidation gave only a small increase in 

fiber surface area). In the present research, a substantial increase in surface area could not 

be observed with small (200 nm diameter) Pyrograf IIITM VGCF even after oxidizing 

them for 90-minutes (115 °C). It could be inferred that both the core and the outer CVD 

carbon of the fiber are resistant to nitric acid oxidation. Further explanation is provided in 

Chapter III. 

 

 

 

Figure 1.6 SEM micrograph obtained by Serp et al. showing the carbon filament  
                  present in the inner core. 
 

    Serp.P., Figueiredo, J.L. Carbon, 1997, 35(5), 675-683. 
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XPS measurements have also been used in this thesis to analyze fiber surfaces 

(oxidized and unoxidized VGCFs). Even though the detection depth of the XPS probes 

only several tens of Å below the surface, it is a powerful and quick method to obtain 

information regarding the outer fiber surface region. However, XPS usually suffers from 

two major problems: (1) XPS is not sensitive enough to give useful information on trace 

atoms; and (2) the chemical shifts are too small to differentiate all the oxidation states of 

carbon and oxygen functional groups generated on the fiber surface. This also makes it 

necessary to use curve fitting operations to approximate the contributions from individual 

oxidation states. 

 

2) Surface area determination 

Both chemical analysis and physical analysis of the surface are important tools 

used to study the properties of composite material. Increasing the fiber surface area can 

improve the material-matrix adhesion. Weak surface regions can be removed by cleaning 

the fibers [69,70]. Increasing the amount of chemical bonding between the fiber and 

matrix can also greatly improve adhesion [71]. Surface roughness of certain dimensions 

can cause fiber/matrix mechanical interlocking, which enhances adhesion. Measurements 

of surface areas are usually performed using the Brunauer, Emmett and Teller (BET) 

method [72] or the Dubinin-Radushkevich (DR) method [73,74]. Ever since the BET 

theory was published, it has remained the most widely used procedure for the 

determination of the surface area of a porous material. This theory was derived from the 

Langmuir model [75], while considering multilayer adsorption. The BET equation is [76] 

: 



 19

    p                1            (c-1) p                                                         Eq 1.3 
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                              nm N Acs                                                  Eq 1.7 

                                  M 
St  = 

 

 

where N = Avagadro’s number (6.023 x 1023 molecules/g mol) 

          M = molecular weight of adsorbate 

        Acs = cross sectional area of adsorbate molecule (16.2 Å2 for nitrogen) 

 

DR theory is based on a relationship between the degree of micropore filling and 

the Gibbs free energy. It is widely used to describe the adsorption of sub-critical vapors 

in microporous solids. The usefulness of the equation (See Eq 1.8) lies in the fact that the 

temperature dependence is reflected in the adsorption potential i.e. if the adsorption data 

at different temperatures are plotted as the logarithm of the amount of the test compound 

adsorbed versus the square of adsorption potential, all the data points should fall into one 

curve (due to the pressure range in which the equation is applicable) called the 

characteristic curve [98].  

           E = - R x T x ln (p/po)                                                                       Eq 1.8 

where E = adsorption potential 

           R = universal gas constant 

           T = absolute temperature. 

           p = saturated vapor pressure. 

         po = pressure of the bulk phasae. 

The existence of the characteristic curve has been proven in numerous cases by 

Dubinin and other workers [98]. Dubinin assumed that the adsorption energies of the 
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adsorption sites on a surface exhibited a Gaussian distribution. The equation employed by 

DR theory is [73,74]: 

           log n = log nm - k log 2 (p0/p)                                                        Eq 1.9 

where k = 2.303 K (RT/β)2 

          K = a constant based on the pore size distribution shape 

          R = universal gas constant 

          β =  E / Eref where E is the adsorption potential 

          T = absolute temperature. 

                     n  = weight of gas adsorbed at a relative pressure, p/p0 

Plots of log (n) versus log2(p0/p) should be linear. The value for nm is then  

measured from the intercept from which the micropore volume is calculated. The 

micropore surface area is readily calculated using Eq 1.7. The major difference between 

these two methods is the operating temperature. The higher temperature used in CO2-DR 

measurements provides the required kinetic energy to permit active diffusion of the CO2 

molecules. 

 
 

Electromagnetic interference (EMI) shielding 
 
 

Electromagnetic interference (EMI) exists when an electromagnetic disturbance 

induces undesirable voltages or currents that adversely influence the performance of 

electronics or electrical devices [82,86]. At present, there are concerns about EMI in three 

types of environments: radio communications, electronic devices and electromagnetic 

pollution on human health. To manage EMI, EMI shielding is introduced [87]. EMI 

shielding refers to the attenuation of electromagnetic radiation by a material through 
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reflection and/or absorption [87]. This shielding prevents penetration of external 

electromagnetic radiation through the barrier. There are three types of EMI shielding 

mechanisms: reflection, absorption and internal re-reflection. When an incident 

electromagnetic wave hits a shielding material, a part of the incident wave is reflected 

while the rest of the wave penetrates into the shielding material. The shielding material 

absorbs a part of this transmitting wave. When the transmitting wave hits the other side of 

the shielding material, a part of the wave is re-reflected into the shielding material while 

the rest of the wave emerges out as the transmitted wave. This mechanism is shown in 

Figure 1.7 [82].  

 

 

Figure 1.7 EMI shielding mechanism. 

The electromagnetic shielding effectiveness (SE) can be defined for plane-waves, 

electric fields and magnetic fields [82,88]. For plane waves: 

SE (dB) = 10 log (Pi/Pt)                                                         Eq 1.10 

where SE = shielding effectiveness 

             Pi = incident plane-wave intensity 
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             Pt = transmitted plane-wave intensity 

For the electric field, E: 

SE (dB) = 20 log (Ei/Et)                                                         Eq 1.11 

where Ei = incident electric wave intensity 

           Et = transmitted electric wave intensity 

For the magnetic field, H: 

SE (dB) = 20 log (Hi/Ht)                                                        Eq 1.12 

where Hi = incident magnetic wave intensity 

           Ht = transmitted magnetic wave intensity 

Consequently, equation 1.12 describes the sum of the three EMI shielding 

mechanisms [82,89]. 

SE = R + A+ B                                                                       Eq 1.13 

      where    R = reflection loss 

                    A = absorption loss 

                    B = internal re-reflection loss 

The reflection loss, absorption loss and internal re-reflection loss are all frequency 

dependent. In short, the shielding effectiveness increases with an increase in frequency. 

Consequently, high frequency electromagnetic waves only penetrate the near surface 

region of a shielding material [87]. This is called the skin effect. Metals are the best 

shielding materials. As a result of skin effect, only a very thin layer of metal is needed for 

EMI shielding purposes [90]. Hence, metal foils or coatings are the most commonly used 

metal shielding materials. In this research, aluminum foil was used as the shielding 

material. Further details on EMI shielding are available elsewhere [82]. 



      CHAPTER II 

EXPERIMENTAL 

 
Materials used 

Unoxidized vapor grown carbon fibers (VGCFs) bought from Applied Sciences, 

Inc., were used in this research. The grade of VGCFs used along with their properties is 

shown in Table 2.1. The epoxy resin used was a low viscosity aliphatic epoxy resin 

containing Bisphenol A epoxide, Bisphenol F epoxide and proprietary aliphatic glycidyl 

ether (Clearstream 9000, Clearstream Products, Inc., Figure 2.1). The curing agent used 

in the epoxy resin was a proprietary, aliphatic diamine and proprietary modified 

amidomine hardener. Table 2.2 shows the components present in the epoxy resin. The 

general reaction is shown in Figure 2.2. Composites were prepared using vinyl ester resin 

(Derakane 411-45) containing 45-wt% styrene for the EMI measurements. This resin was 

purchased from the Dow Chemical Company. The catalyst used was 2-butanone peroxide 

(~ 35 weight % solution in 2,2,4-trimethyl-1, 3-pentanediol diisobutyrate) and was 

provided by ATOFINa Chemical Inc. The promoter used was cobalt naphthenate 

(CoNap) and it was purchased from the Dow Chemical Company. 
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Table 2.1 Grade of VGCFs used. 

Fiber 
Surface area 

m2/g 
Total   External 

Surface Energy 
mJ/m2 

Fiber diameter 
nm 

Fiber length 
µm 

PR-19-PS 26               17 133 200 30-100 
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Figure 2.1 Structure of (a) Bisphenol A epoxide  ( b ) Bisphenol F epoxide. 
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Table 2.2 Components in Clearstream 9000 epoxy resin. 
 
 

Epoxy resin components % w/w 

Bisphenol A epoxide 70-80 

Bisphenol F epoxide 20-30 

Proprietary aliphatic glycidyl ether 5-15 

Proprietary aliphatic amines 70-80 

Proprietary modified amidomine 20-30 
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Figure 2.2 General reaction of diamine with epoxy group. 
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Oxidation of VGCFs 

The VGCFs were oxidized with concentrated aqueous nitric acid (69-71 wt%) in a 

round-bottom flask equipped with a thermometer well. VGCF (40 g) was weighed into a 

round-bottom flask and approximately 500 ml of concentrated nitric acid was added. 

Oxidations were conducted at 115 °C for time intervals of 10 minutes, 20 minutes, 30 

minutes, 60 minutes and 90 minutes. Approximately 6 g of VGCF was weighed into a 

small round-bottom flask and 160 ml of concentrated nitric acid was added. Oxidations 

were conducted for time intervals of 4 h, 10 h and 24 h. These three batches of samples 

were used only for the base uptake measurements, XPS measurements and surface area 

measurements. The oxidized fibers were then washed with distilled water to remove 

residual acid. Washing was performed in a batch process using about 2000 ml of water 

per batch. The pH of the wash water was measured after each wash. The washing was 

continued until the pH of the water in which the fibers were immersed was neutral (pH ~ 

7). The fibers were then extracted overnight with distilled water in a soxhlet extractor and 

then dried overnight in an oven at a temperature of 125 ˚C. The oxidized fibers were then 

stored in an airtight bag and kept in a desiccator until further use. 

 

Composite preparation 

Composites were prepared containing 19.2 volume percent (29.4 weight percent) 

VGCFs in each sample (See Table 2.3). The epoxy resin (Clearstream 9000, proprietary 

aliphatic diamine or polyamine hardener) was first prepared by mixing the resin and the 

hardener in a 3:1 ratio, respectively. The resin and VGCFs were first pre-blended in a 

coffee blender for approximately 10 minutes. The samples were then subjected to high 
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shear mixing in a two-roll mill (0.2mm roll gap, 5 DC amp current, room temperature). 

After each pass through the two-roll mill, the resin/fiber sheets were folded and fed 

through again. The resin/fiber sheets were fed at different angles. After milling for 20 

minutes, the fiber/resin sample was put in an aluminum mold (5 inch x 3 inch) and placed 

in a hot press. A starting pressure of 2 x 106 Pa was applied. The temperature was 

increased slowly in increments of 50 °F (10 °C) until the temperature reached 260 °F 

(126 °C). At this point, the pressure was 6.1 x 106 Pa. The temperature was maintained at 

260 °F (120 °C) for one hour. Figure 2.3 shows the curing temperature vs time protocol 

used for the composite preparation. After one hour, the samples were cooled in the mold 

to room temperature. The composite sample was then removed from the mold. This 

identical procedure was repeated for the different VGCF/epoxy resin composites. All the 

samples were then post-cured overnight at 260 °F (120 °C). 

 

Table 2.3 VGCF/epoxy resin composites. 

 

 

 

 

 

 

 

 

                    

Sample ID 
VGCF loading 

(Weight %) 

Epoxy resin loading a 

(Weight %) 

Unoxidized VGCF 29.4 70.6 

VGCF (oxidized for10 min) 29.4 70.6 

VGCF (oxidized for 20 min) 29.4 70.6 

VGCF (oxidized for 30 min) 29.4 70.6 

VGCF (oxidized for 60 min) 29.4 70.6 

VGCF (oxidized for 90 min) 29.4 70.6 

        a Ratio of  resin:hardener = 3:1 (wt/wt)  
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Three point bend test 

 The flexural strength and modulus of the VGCF/epoxy composites were found 

using a Zwick Tensile Testing machine (Model 1435) according to the ASTM standard D 

790-62 [78]. Specimens of 70 mm (length) x 10 mm (width) x 2.5 mm (thickness) were 

used. Flexural strength, FS, is defined as the strength at which the specimen fails in the 

three-point bend test. It is calculated according to equation 2.1: 

               3 x P x  L                                                                                  Eq 2.1 

               2 x W x t 2 

where  P = breaking force of the specimen 

            L = span support (60 or 30 mm) 

            t  = sample thickness (2.5 mm) 

          W = sample width (10 mm) 

The flexural modulus, FM, is calculated by drawing a tangent to the steepest 

initial straight line portion of the load deflection curve. It is calculated according to 

equation 2.2: 

                 L3 x M                                                                                   Eq 2.2 

                 4 x W x t 3 

FM  = 

FS  = 

where  M = slope of the tangent of the initial straight line portion of the load deflection   

          curve. 

             L = span support (60 or 30 mm) 

              t = sample thickness (2.5 mm) 

            W = sample width (10 mm) 
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 Five composite samples in each batch were tested by the above methods and the 

average values are reported. 

 

Determination of base uptake 

 The acidic functionality of the carbon fibers surfaces was determined by 

neutralization with sodium hydroxide (NaOH). Fresh aqueous NaOH stock solution was 

prepared with boiled distilled water (to remove dissolved carbon dioxide). The initial 

concentration of the NaOH used was 0.4936 N. VGCF sample (1 g) was placed in a 100 

ml polyethylene bottle. NaOH stock solution (50 ml) was added to the sample. The bottle 

was capped airtight and the samples were agitated in a mechanical agitator (Gyrotory 

water bath shaker, model G76). The pH values of the samples were measured using a 

pH/ion analyzer (Denver Instrument model 215). The analyzer was first calibrated with  

pH 4.00 (± 0.02 at 25°C) and pH 10.00 (± 0.01 at 25°C) buffer solutions (Fisher 

Scientific). The pH 4.00 buffer was made using potassium biphthalate and the pH 10.00 

buffer was made using potassium carbonate-potassium borate-potassium hydroxide 

(Fisher Scientific). The pH value of the sample was then measured by immersing the 

glass electrode into the sample. Care was taken to immerse the electrode through a sealed 

cap so that any contact between carbon dioxide in the air and the sample was prevented. 

The number of µmoles of NaOH in the sample was calculated based on the pH value 

measured and the volume of the sample according to equation 2.3: 

                                           V x [10(pHo-14) – 10(pH-14) ]   x  1000              Eq 2.3 

                                     
   NaOH Uptake   
(µmoles/g of fiber)

 

  
 

  
=

                         W 
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where V = sample volume (ml) 

       pHo = pH of the blank solution 

         pH = pH value obtained 

          W = fiber sample weight (1 g) 

The above procedure was repeated with various oxidized VGCF samples. The 

difference between the number of µmoles of NaOH in the blank solution and that in the 

sample was assumed to be equal to the number of µmoles of NaOH neutralized by the 

acidic functional groups on the surface of the fiber [51]. 

 

Density and void measurements 

The densities of the composite samples were determined using an electronic 

densimeter (ED – 120T). Using these densities, the void content of each sample was 

found using the following formulas: 

 
                                                     Vc - Vo                                                 Eq 2.4

                                                         Vc 

                                                      Wcomp                                                  Eq 2.5 

                                                      ρcomp 

                                                      WCF        Wresin                                 Eq 2.6 

                                                       ρCF  
Total volume (Vo)  =

Volume of composite (Vc) =

=Void content (%) 

 

 

 

 

 

where  Wcomp = weight of the composite sample 

            ρcomp  = density of the composite sample 

               WCF = weight of the carbon fiber 

  
 

  
+

          ρresin 
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              ρCF   = density of the carbon fiber (2.1 g/cc) 

 Wresin = weight of the resin 

              ρresin = density of the resin (1.158 g/cc) 

 

Determination of surface area by nitrogen BET 

The surface areas of the unoxidized and oxidized VGCFs were measured using a 

Quantasorb dynamic flow analyzer (Quantachrome, Inc.) by nitrogen BET at 77 K. 

VGCFs of approximately 0.125 grams were taken in a small, round-bottomed, long-

stemmed glass tube. The samples were first out-gassed for ~5 hours at 140 °C. The 

autosorb measured the variation in gas pressure (nitrogen only). Since the BET equation 

is usually applied under nitrogen relative pressures of 0.05 – 0.35, an N2 / He gas mixture 

(70:30 w/w) was used. This procedure was repeated for three different batches. A sample 

of VGCFs (unoxidized) was analyzed at Quantachrome using the latest software. 

 

Determination of surface area by carbon dioxide DR adsorption method 

The surface areas of the unoxidized and oxidized VGCFs were measured using a 

Quantasorb dynamic flow analyzer (Quantachrome, Inc.) by the carbon dioxide DR 

method. VGCFs (0.135 g) were weighed into a small, round-bottomed, long stemmed 

glass tube. The samples were first out-gassed for ~10 hours at 140 °C under a vacuum of 

10-6 torr. The testing was done at 273 K in the relative p/po range of 0-0.3 and absolute 

pressure range of 0-1 atm [79]. The data were monitored and plotted as logW vs. 

log2(po/p), according to the Dubinin - Radushkavich (DR) method [80,81]. This gives the 

amount of carbon dioxide adsorbed onto each sample. This procedure was repeated for 
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three different batches. Two samples of VGCFs (unoxidized and oxidized for 10 h) were 

analyzed at Quantachrome Inc., (May 2003) using their software. 

 

X-ray Photoelectron Spectroscopy (XPS) studies 

X-ray Photoelectron Spectroscopy (XPS) spectra were obtained on a Physical 

Electronics Model 1600 surface analysis system (Perkin Elmer). The equipment was 

operated with an achromatic Mg Kα X-ray source operating at a working power of 300 

W (15kV). The instrument was calibrated using the Au 4f7/2 spectrum, which was 

assumed to occur at 84 eV [83]. The full width at half maximum of each deconvoluted 

C1s spectra is 1.6eV. An electron take off angle of 30 degrees was used to acquire data 

during XPS analyses. During all XPS experiments, the pressure inside the analysis 

chamber was maintained at 5 x 10-9 torr. The atomic ratio of any two elements, A and B, 

was calculated from the respective peak areas and the elemental sensitivity factors for the 

signal Perkin-Elmer Spherical Capacitor Analyzer (SCA) [83]. 

       A                                  peak area of A       sensitivity factor of B            Eq 2.7 

       B 

For

respectivel

SE

were first 

  
 

atomic ratio =

                                  peak area of B       sensitivity factor of A 

 

x 

 carbon and oxygen, the sensitivity factors employed were 0.3 and 0.71, 

y. 

 

Scanning Electron Microscope (SEM) studies 

M pictures were taken using a Leo/Leica/Cambride S360 SEM. The samples 

mounted on a grid using carbon tape. The grids were then placed in the SEM 
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scope. The VGCF/epoxy samples had to be sputter-coated because they charged under 

vacuum in the scope when they were not coated. An Au/Pd sputter coating was used and 

the coating operation was performed for 30 seconds. Figure 2.4 shows the Magnetron 

sputtering device used. An accelerating voltage of 15 kV was used. Figure 2.5 shows an 

example of the diffusion of the incident electrons and Figure 2.6 shows the effect of the 

accelerating voltage on a sample [84]. SEM photos of the VGCF/epoxy composites will 

be discussed in Chapter III. 

 

 

          Figure 2.4 Magnetron sputtering device. 
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Figure 2.5 Diffusion of the incident electrons. 

 
 
 
 
 

 
 

      Figure 2.6 Effect of accelerating voltage. 
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Transmission Electron Microscope (TEM) studies 

TEM pictures were taken using a JOEL JEM – 100CX II TEM. Figure 2.7 shows 

an external view of the TEM used [85]. All the TEM samples were prepared to contain 5-

weight percent of VGCF in the VGCF/epoxy resin composite (since the composites 

containing 19.2 volume% VGCF proved too difficult to cut even with a diamond knife). 

An epoxy resin (Clearstream 9000, proprietary aliphatic diamine or polyamine hardener) 

was used to prepare the VGCF/epoxy resin composites. The samples were first cut into 5 

mm trapezoids using a razor blade. The cut edge was then smoothed using a glass knife. 

Finally, the thin sections were cut using an ultra-mictrotome. A diamond knife was used 

to cut a series of uniform ultra-thin sections (~50 µm). These ultra-thin sections were 

then mounted on a grid, which was placed in the TEM. Photographs were taken and the 

negatives were developed in the dark room. 
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Figure 2.6 External view of the column of the JOEL JEM – 100CX II TEM. 
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Preparation of VGCF/Vinyl ester composites 
 
 A series of composites were prepared by J.Xu using PR-19-PS fibers and 

Derakane 411-45 vinyl ester (VE) resin (See Table 2.4). The curing temperature versus 

time protocol shown in Figure 2.8 was used to prepare the composites. The catalyst (0.8 

wt%) and promoter (0.2 wt%) mixture were first mixed and then added into the vinyl 

ester resin (See Table 2.4). A 33.3 weight % (VGCF/VE) pre-mixture was prepared by 

mixing VGCFs with a calculated amount of vinyl ester resin containing the catalyst and 

the promoter [82]. The amount of VGCFs used was half the weight of the resin. High 

speed mechanical blending at 3,000 RPM was performed to mix the VGCF/VE mixture. 

This blending was continued for about 3 minutes. After the pre-mixture was prepared, the 

remaining amount of the vinyl ester resin containing the catalyst and the promoter was 

mixed with the pre-mixture. This mixing was done by hand for one minute. The mixture 

was kept at room temperature for one hour. It was then poured into an aluminum mold (4 

inch x 5 inch) and placed in a hot press at room temperature for a period of 1.5 hours. 

The initial pressure in the hot press was 7.6 x 10 5 Pa and this was gradually increased to 

45.6 x 105 Pa over a period of 1.5 hours. The temperature of the hot press was then 

increased to 100 °F (~38 °C). After 16 hours, the temperature was further increased to 

200 °F (~93 °C) and held for 5 hours. The mold was then transferred into an oven at 150 

°F (~66 °C) and left for another 1.5 hours. Finally, the mold was removed from the oven 

and cooled to room temperature. Only two samples were prepared. One had a 7-weight % 

fiber loading, and the other, a 15-weight % fiber loading. These preparations are shown 
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in Table 2.2. The same procedure was used to prepare another series of composites with 

the VGCF, which had been oxidized for 90 minutes.  

 

Table 2.4 VGCF/ Derakane 411-45 vinyl ester composites 

Sample ID 
Fiber 

loading 
(Weight %) 

Resin 
loading 

(Weight %) 

Catalyst 
loading 

(Weight %) 

Promoter 
loading 

(Weight %) 

Unoxidized VGCF 7 93 0.8 0.2 

Unoxidized VGCF 15 85 0.8 0.2 

90 minute oxidized 
VGCF 7 93 0.8 0.2 

90 minute oxidized 
VGCF 15 85 0.8 0.2 
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Electromagnetic interference (EMI) shielding measurements. 

Electromagnetic shielding measurements were performed by J.Xu for the samples 

shown in Table 2.4. Two kinds of electromagnetic shielding, namely electric field insert 

loss (ILe) and magnetic field insert loss (ILm), were measured. The apparatus used was a 

Hewlett Packard 8753D Network Analyzer connected to a test chamber (Dual TEM cell 

by VHS Tech, Inc., State College, PA). To control the network analyzer and to 

automatically collect the resulting data, a laptop was connected to the Network Analyzer. 

The samples were held in the test chamber to minimize the environmental noise. Figure 

2.9 shows the experimental apparatus [82]. A total of 401 data points were collected over 

frequency range of 30 KHz and 1000 MHz. Each data point is the average of 64 tests. All 

the samples were tested for EMI shielding both before and after the samples were 

polished. 

 

Figure 2.9 Electromagnetic shielding test equipment 
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Volume electrical resistivity measurements 

Volume electrical resistivity measurements were performed by J.Xu for the 

samples shown in Table 2.4. A Monroe Electronics Model 271 Resistivity meter was 

used for the measurements of volume electrical resistivities higher than 1 x 1010 Ω cm. In 

order to provide a low noise environment, a guarded electrode (Model 96101A-1 surface 

test electrode) was used. Figure 2.10 shows the apparatus used [82]. 

 

 

 

          Figure 2.10 Equipment for volume electrical resistivity measurements using a 
                              surface test electrode. 
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Volume electrical resistivities lower than 1 x 1010 Ω cm were measured using a 

parallel capacity device connected to a Simpson Model 464 Digital Multimeter (Simpson 

Electric Company, Elgin, IL). Figure 2.11 shows this device [82]. 

 

 

        Figure 2.11 Parallel capacity device used for volume resistivity measurements. 

 

Both the model 96101A-1 surface test electrode and the parallel capacity device 

were used to obtain the bulk resistivity. The volume resistivity (ρv) was calculated from 

equation 2.8: 

             R x A                                                                               Eq 2.8 

                 L 
ρv  =  
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where ρv = volume resistivity (Ω cm) 

             R = bulk resistivity (Ω) 

             L = sample thickness (cm) 

             A = tested surface area (cm2) (surface area of the sample which was tested by    

                   parallel capacity device and 21.535 cm2 when using the Model 96101A-1  

                   surface test electrode). 

 

All samples were tested for volume resistivity before and after the samples were 

polished. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  
 



CHAPTER III 

RESULTS AND DISCUSSIONS 
 
 

Three point bend test 

The flexural strengths and flexural moduli were obtained for a series of 

VGCF/epoxy composites according to the ASTM D 790-92 standards [10] using a Zwick 

Tensile Testing machine (Model 1435). All the composite samples were prepared to 

contain 19-volume % of VGCF. The sizes of the composite samples were 70 mm (width) 

x 10 mm (length) x 2.5 mm (thickness). Table 3.1 shows the flexural testing results.  
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Table 3.1 Flexural strengths and flexural moduli of the VGCF/Epoxy composites a. 

 

Composite ID 
 
 

Average 
Flexural 
Modulus 
(MPa) 

Average 
Flexural 
Strength 
(MPa) 

Pure epoxy resin composite 
 

Unoxidized VGCF/Epoxy composite 
 

VGCF (oxidized for10 min)/epoxy composite 
 

VGCF (oxidized for 20 min)/epoxy composite 
 

VGCF (oxidized for 30 min)/epoxy composite 
 

VGCF (oxidized for 60 min)/epoxy composite 
 

VGCF (oxidized for 90 min)/epoxy composite 

3980 b ± 199 
 

5890 c ± 1103 
 

7475 d ± 1646 
 

4175 c ± 946 
 

3683 b ± 439 
 

7039 c ± 392 
 

4770 c ± 817 

90 b ± 5 
 

104 c ± 11 
 

104 d ± 14 
 

104 c ± 10 
 

110 b ± 9 
 

95 c ± 7 
 

102 c ± 9 
 

a The epoxy resin used was a low viscosity aliphatic epoxy resin containing Bisphenol A 
epoxide, Bisphenol F epoxide and proprietary aliphatic glycidyl ether (Clearstream 9000, 
Clearstream Products Inc.). The curing agent used in the epoxy resin was a proprietary 
aliphatic diamine and modified amidomine hardeners. Ratio of resin: curing agent 
 =  3:1.This resin system was blended with 29.4 weight percent (19-volume %) VGCF 
(PR-19-PS) and cured. 
b  Average of 4 values 
c  Average of 3 values 
d  Average of 2 values 
 
.   
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Figure 3.1 Flexural strength distributions of the various VGCF/ epoxy resin composites. 
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Figure 3.2 Flexural modulus distributions of the various VGCF/ epoxy resin composites. 
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The flexural strength was the highest for the VGCF (oxidized for 30 min)/epox

composite. There were no large differences between the flexural strength values obtaine

for the various composites. Previous studies of carbon-carbon composites have show

that strong chemical bonding between the fiber and matrix results in lower flexur

strength [66,91,92]. No studies of this issue have been reported for VGCF/epox

composites.  

 
 

Acidic functionality 

The number of µmoles of NaOH neutralized by the acidic surface function

groups on a sample of VGCFs was determined by titration with NaOH (see page 31 an

equation 2.3). Table 3.2 shows the acidic capacities of the VGCF samples (calculate

with the corresponding pH value of the blank solution at various time intervals. S

Appendix A for further information). The acidic capacity of the unoxidized fibers w

less than that of the oxidized fibers. No significant difference in acidic capacity w

noticed among the oxidized VGCFs. Figure 3.3 shows a schematic representation of th

surface chemistry during neutralization with NaOH. 
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Figure 3.3 Schematic representation of the surface chemistry. 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                                                     
  
 
 
 

Table 3.2 NaOH uptake of the unoxidized and oxidized VGCFs. 

Sample ID 
After 1 hr a 
(µmoles / g 

of fiber) 

After 12 hrs a 
(µmoles / g 

of fiber) 

After 24 hrs a 
(µmoles / g of 

fiber) 

Unoxidized VGCF 26.3 26.8 21.8 

VGCF oxidized for10 min 95.3 75.7 70.6 

VGCF oxidized for 20 min 95.2 75.7 70.6 

VGCF oxidized for 30 min 95.3 75.7 70.6 

VGCF oxidized for 60 min 94.1 75.2 70.5 

VGCF oxidized for 90 min 95.3 75.7 70.6 

VGCF oxidized for 4 hr 95.3 75.7 70.6 

VGCF oxidized for 10 hr 95.3 75.7 70.6 

VGCF oxidized for 24 hr 95.3 75.7 70.6 

     

   a VGCF sample (1 g) was placed in a 100 ml polyethylene bottle. NaOH stock solution  
      (50 ml) was added to the sample. The bottle was capped airtight and the samples were  
      agitated in a mechanical agitator (Gyrotory water bath shaker, model G76).            
      The values shown were measured (using a pH/ion analyzer, Denver Instrument   
       model 215) after 12 and 24 hours of agitation. 
 

 
 

 
 
 

 

52



                                                                                                                                                                                                                 
  
 
 
 

NaOH uptake distribution

0

20

40

60

80

100

120

0 4 8 12 16 20 24 28

Time (hr)

10 min
oxidized
20 min
oxidized
30 min
oxidized
60 min
oxidized
90 min
oxidized
4 hr oxidized

10 hr oxidized

24 hr oxidized

                  

N
aO

H
 u

pt
ak

e
( µ

m
ol

es
/g

 o
f f

ib
er

 ) 

Figure 3.4 NaOH uptake vs agitation time for the various VGCF samples.
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Density and void content measurements 

The densities of the various VGCF/Epoxy resin composites were determined 

using an electronic densimeter (ED-120T). The densities of the VGCF/Epoxy resin 

composites were between 1.299 g/cc and 1.308 g/cc. The density of the pure cured epoxy 

resin was 1.158 g/cc. The void content of each composite sample was calculated using 

equations 2.4 to 2.6. The results obtained are shown in Table 3.3. The void content 

decreased with increasing oxidation time. Figure 3.5 shows the void content of the 

samples. 

 

       Table 3.3 Void content and densities of the various VGCF/epoxy resin composites. a 

Sample ID Average Void Content b   
                 (%) 

Average density b 
(g/cc) 

Unoxidized VGCF/Epoxy composite. 2.51 ± 0.01 1.299 

VGCF (oxidized for 10 min)/epoxy 
composite 2.45 ± 0.01 1.301 

VGCF (oxidized for 20 min)/epoxy 
composite 2.42 ± 0.01 1.302 

VGCF (oxidized for 30 min)/epoxy 
composite 2.24 ± 0.01 1.304 

VGCF (oxidized for 60 min)/epoxy 
composite 1.99 ± 0.01 1.307 

VGCF (oxidized for 90 min)/epoxy 
composite 1.96 ± 0.01 1.308 

 

a The epoxy resin used was a low viscosity aliphatic epoxy resin containing Bisphenol   
      A epoxide, Bisphenol F epoxide and proprietary aliphatic glycidyl ether (Clearstream  
      9000, Clearstream Products Inc.). The curing agent used in the epoxy resin was a   
      proprietary aliphatic diamine and modified amidomine hardeners. Ratio of resin:  
      curing agent =  3:1.This resin system was blended with 29.4 weight percent (19- 
      volume %) VGCF (PR-19-PS) and cured.   
   b Average of 5 trials. 
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Figure 3.5 Average void content of the various VGCF/Epoxy resin composites.
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Surface area determination by nitrogen BET 

Nitrogen BET surface areas for the unoxidized and oxidized VGCFs samples are

shown in Table 3.4. The nitrogen BET surface areas were quite low. The surface area

slowly increased with further oxidation up to 30 minutes and then decreased a little

VGCFs oxidized for 30 minutes had the highest surface area (27.8 m2/g). The flexura

strength values were also the highest (110MPa) for composites containing VGCF, which

had been oxidized for 30 minutes. However, the major conclusion is that very little

change in surface area occurred during these oxidations. The range of surface areas, from

21.3 to 27.8 m2/g (up to 90 min oxidation) is very small considering the enormou

oxidizing conditions these fibers were exposed to (69-71 wt% nitric acid, 115 °C). Even

after 10 h of oxidation, the surface area did not change much. 
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Table 3.4 Nitrogen BET surface areas of the unoxidized and oxidized VGCFs. 

Sample ID N2 BET  a    

 (m2/g) 

Unoxidized VGCF 21.3b 

VGCF oxidized for10 min 22.4 

VGCF oxidized for 20 min 24.1 

VGCF oxidized for 30 min 27.8 

VGCF oxidized for 60 min 25.0 

VGCF oxidized for 90 min 26.0 

VGCF oxidized for 10 h    34.6cd 
                                               

          a Average surface area values of two trials. 
       b This sample exhibited a CO2-DR surface area of 20.5 m2/g (See   
          table 3.6) 
       c Surface area value of 1 trial. Measured at Quantachrome. 
       d This sample gave a CO2-DR surface area of 23.1 m2/g  
         (See Table 3.6) 
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Figure 3.6 N2 BET surface area of unoxidized and oxidized (concentrated nitric acid, 115 °C) VGCFs. 
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Previous studies by our research group on polyacrylonitrile (PAN)-based carbon 

fiber, which were oxidized in concentrated nitric acid oxidation, 115 °C, showed a 

continually increasing surface area with oxidation time using nitrogen BET 

measurements  [79a]. These results are shown in Figure 3.8 and Table 3.5. After 60 

minutes of oxidation, the surface structure of the fibers was heavily damaged. After 105 

minutes of oxidation, the surface area of PAN fibers had increased 29-fold! Furthermore, 

the rate of surface area increase was accelerating! The results obtained for the oxidized 

VGCFs did not show a similar pattern. Using a cylindrical model, and assuming the 

diameter of PAN fibers to be 7.5 µm and that of VGCF to be 200 nm, the surface area of 

an equal weight of VGCFs is 37.5 times greater than PAN fibers. This comparison shows 

that the VGCFs are more resistant to oxidation compared to PAN fibers. Thus, if VGCFs 

underwent oxidation as rapidly as PAN fibers, we might have expected a surface area of 

37.5 x 18.8 = 705 m2/g (after 105 min of oxidation). 

 

VGCF r 
 

Figure 3.7 Schematic representation of PAN vs VGCFs. 
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                          Table 3.5 N2 BET specific areas of PAN fibers. a b 

Fiber oxidation time (min) N2 BET specific area (m2/g) PAN fiber surface area x 
37.5c 

0 0.65 24 

20 0.73 (1.1 fold) 27 

40 1.65 (2.5 fold) 62 

60 2.09 (3.2 fold) 78 

90 12.4 (19 fold) 465 

105 18.8 (29 fold) 705 

 

          a These PAN fibers were oxidized in concentrated nitric acid at 115 °C.  
       b Pittman,Jr.C.U., Jiang,W., Yue,Z.R., Leon y Leon, C.A., Carbon, 1999,  
         37, 85-96 
       c Expected VGCF surface area if they behaved like PAN fibers. 
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Figure 3.8 Nitrogen BET specific area of nitric acid oxidized (115 °C) PAN carbon fibers.  

 
       Pittman,Jr.C.U., Jiang,W., Yue,Z.R., Leon y Leon, C.A., Carbon, 1999, 37, 85-96 
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Surface area determination by carbon dioxide DR adsorption method 

The surface area values for the unoxidized and oxidized VGCFs obtained by 

carbon dioxide Dubinin-Radushkevich (DR) method are given in Table 3.6. The surface 

area increased as oxidation increased to 30 minutes and then decreased a little at longer 

oxidation times. The differences in surface areas measured by nitrogen BET versus 

carbon dioxide DR are substantial. Carbon dioxide DR measured surface areas are more 

than twice those measured by nitrogen BET. Thermal activation is required for both 

nitrogen and carbon dioxide molecules to migrate through small pores. The operating 

temperatures used for the two measurements were different. The carbon dioxide DR 

measurements were done at 273 K while nitrogen BET was performed at 77 K. The 

higher temperature used in carbon dioxide DR measurements provided enough kinetic 

energy to permit activated diffusion of carbon dioxide [79,93,94]. Thus, carbon dioxide 

molecules can overcome the energy barriers associated with being adsorbed near the 

entrance in very narrow pores. The low temperature used in nitrogen BET does not 

provide the required thermal activation for migration throughout small pores whereas 

carbon dioxide can better fill the pore surfaces of small pores. 

Like nitrogen BET measurements, the carbon dioxide DR measurements showed 

that increasing nitric acid oxidation of the fibers did not lead to progressive increases in 

the surface area. In fact, little or no further change in the surface area occurred after 10-

minute oxidation. Thus, VGCFs are exceptionally resistant to oxidation. Previous carbon 

dioxide DR measurements done on PAN fibers (electrochemically oxidized with KNO3) 

by our research group showed a significant increase in surface area compared to nitrogen 
62
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BET measurements [79a]. This further proves that carbon dioxide DR method gave better 

results compared to nitrogen BET method because CO2-DR can access pores with tiny 

diameters. 

 

Table 3.6 CO2 -DR surface areas of the unoxidized and oxidized VGCFs. 

Sample ID           CO2 DR a    (m2/g) 

Unoxidized VGCF 20.48 

VGCF oxidized for 10 min 59.54 

VGCF oxidized for 20 min 53.34 

VGCF oxidized for 30 min 67.37 

VGCF oxidized for 60 min 41.8 

VGCF oxidized for 90 min 67.30 

VGCF oxidized for 10 h  23.12 b 
 

a Average surface area values of two trials. 
b Measured at Quantachrome. 

 A schematic diagram showing the adsorption of gaseous molecules 

diffusing into a micropore is shown in Figure 3.10 [79]. 

 

 

 

 

 

 

 



                                                                                                                                                                                                                 
  
 
 
 

0

10

20

30

40

50

60

70

80

Unoxidized VGCFs VGCF (oxidized for
10 min)

VGCF (oxidized for
20 min)

VGCF (oxidized for
30 min)

VGCF (oxidized for
60 min)

VGCF (oxidized for
90 min)

VGCF (oxidized for
10 hr)

Sample ID

Su
rf

ac
e 

ar
ea

Trial 2

 

m
2 /g

 

Trial 1

 

Figure 3.9 CO2 DR surface area distributions of unoxidized and oxidized (concentrated nitric acid, 115 °C) VGCFs 
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 At low temperature, the adsorbate molecule has a low kinetic energy (I). It can 

only diffuse a very short distance into the micropore (II) before it is adsorbed by the 

surface (III). Later, the adsorbed molecule may gain enough energy to escape from that 

specific adsorption site (IV). There are two escape pathways: pathway ‘a’, with a low 

energy barrier, is back into the gaseous phase. In pathway ‘b’, deeper penetration of the 

molecule into the micropore may occur if the molecule overcomes the higher energy 

barrier associated with this process. At low temperatures, the molecule has a low kinetic 

energy. Therefore, it travels by pathway ‘a’ to reenter its gaseous phase (V). Large inner 

surface areas are not detected by the adsorbate. At 273 K, an adsorbate molecule has 

higher kinetic energy (VI). It can penetrate deeply into the micropore (VII) by a series of 

jumps on and off shallower adsorption sites before it is adsorbed by the surface (VIII). 

When the adsorbate re-escapes from the adsorption site (IX), the difference of the energy 

barriers between the two pathways becomes smaller, and the kinetic energy of the 

adsorbate molecule becomes bigger. The adsorbate can further diffuse into the micropore 

(X). 

 In ultramicropores, (pores < 1 nm in diameter) the adsorption of N2 or CO2 near 

the pore opening blocks the access of any other adsorbate molecule (XI). Hence, 

adsorbed molecule A prevents entry of molecule B. At low temperature, path ‘a’ (lower 

energy) is greatly favored over path ‘b’ (higher energy). The small pore diameter will not 

accommodate both molecule A and molecule B. At higher temperature, path ‘b’ is 

populated leading to (XIII) where molecule A is adsorbed more deeply in the pore. Thus 

molecule B can also diffuse into the pore (XII) and adsorb (XIII). Now both molecules A 

and B block further entry of other adsorbate molecules. At higher temperatures, further 
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sequential penetrations occur opening an adsorption site for molecule C (XIV). This 

picture clearly points out why CO2-DR method can more accurately measure surface 

areas within smaller pores (typically below 5 nm) than N2 BET. 

 Pore size distribution models assume that the stronger the adsorption site, the 

stronger the molecules are adsorbed. Adsorption is strongest in the smallest pores where 

walls surround all sides of the CO2 molecule [79]. Thus, the small pores are filled first 

compared to the larger pores. Using the isotherm data and the DR results, the pore size 

distribution is computed. This, of course, depends on the model assumptions. The DR 

method assumes all pores to be flat slits of average width. The DR method correctly 

measures the pore size distribution (calculated from density functional theory) but may 

slightly overestimate the true micropore volume. 

 

XPS analysis of VGCFs 

 The different functional groups present on the surface of the unoxidized and 

oxidized VGCFs were determined using XPS (Perkin Elmer, Physical Electronics Model 

1600 surface analysis system, 30° take-off angle). The surface O1s/C1s atomic ratios of 

the different VGCFs are shown in Table 3.6 and Figure 3.11. The O1s/C1s atomic ratio is 

the smallest for the unoxidized VGCFs. On oxidation, the O1s/C1s atomic ratio 

increases, though not continuously. Deconvolution of the C1s spectra gave 3 peaks 

designated as Peak A (at 284.6 eV assigned to graphitic carbon), Peak B (at 286.1-286.3 

eV, carbons bonded to phenolic or alcoholic hydroxyls or ether oxygens) and Peak C (at 

287.7-288.6 eV, carbonyl, quinone, carboxyl or ester groups). From this deconvoluted 
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spectra, the ratio of graphitic carbon and the carbon bonded to different oxygenated 

groups were calculated and are given in Table 3.7. 

 

Table 3.7 XPS O1s/C1s atomic ratio of VGCFs taken at a 30° take-off angle. 

Sample ID O1s/C1s atomic ratio 

Unoxidized VGCF 0.059 

VGCF oxidized for 10 min 0.177 

VGCF oxidized for 20 min 0.181 

VGCF oxidized for 30 min 0.256 

VGCF oxidized for 60 min 0.232 

VGCF oxidized for 90 min 0.238 

VGCF oxidized for 4 hr 0.200 

VGCF oxidized for 10 hr 0.154 

VGCF oxidized for 24 hr 0.167 
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   Figure 3.11 XPS O1s/C1s atomic ratio of VGCFs taken at a 30° take-off angle. 
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Table 3.8 Relative content of functional groups in C1s spectra from XPS at a 

                          30° take-off angle. 
 

Percentage area of functional groups in C1s spectra (%) 

Sample ID 
Peak A a                   Peak B b                     Peak C c 

284.6                 286.1 – 286.3             287.7 – 288.6  

       (eV)                         (eV)                          (eV) 

Unoxidized VGCF 75.09 24.91 ------ 

VGCF oxidized for 10 min 73.35 19.13 7.52 

VGCF oxidized for 20 min 81.00 13.12 5.87 

VGCF oxidized for 30 min 78.7 12.19 9.11 

VGCF oxidized for 60 min 76.71 13.72 9.57 

VGCF oxidized for 90 min 76.93 12.65 10.42 

VGCF oxidized for 4 hr 76.92 13.81 9.27 

VGCF oxidized for 10 hr 83.79 11.3 4.91 

VGCF oxidized for 24 hr d 83.55 16.45 ------ 

 

a Peak A (at 284.6 eV assigned to graphitic carbon) 
b Peak B (at 286.1-286.3 eV, phenolic, alcoholic hydroxyls or ether oxygens) 
c Peak C (at 287.7-288.6 eV, carbonyl, quinone, carboxyl or ester carbons) 
d The increase in peak B and the absence of peak C may be an artifact of the   
  deconvolution mathematics. Various peaks were seen in the O1s XPS spectra (see page  
  71) suggesting that some functions belonging to peak C should be present. 
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Figure 3.12 Distribution of functional groups in C1s spectra from XPS at a  

                               30° take-off angle 
 

 The XPS results indicate that Peak B (carbons bonded to phenolic or alcoholic 

hydroxyls or ether oxygens) decreased on oxidation. Also, no Peak C (carbonyl, quinone, 

carboxyl or ester carbons) was observed in the unoxidized VGCF. Oxidation of VGCFs 

resulted in the rise of peak C through the production of carbonyl, quinone, carboxyl or 

ester groups on the fiber surfaces. The high-resolution C1s spectra for the different 

samples of VGCFs are shown in Figures 3.13 to 3.21. 
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        Figure 3.13 High-resolution XPS C1s spectra of unoxidized VGCF taken at a 30°  
           take-off angle. 
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 Figure 3.14 High-resolution XPS C1s spectra of VGCF (oxidized for 10 min) taken at  

                        a 30° take-off angle. 
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Figure 3.15 High-resolution XPS C1s spectra of VGCF (oxidized for 20 min) taken at  

                       a 30° take-off angle. 
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Figure 3.16 High-resolution XPS C1s spectra of VGCF (oxidized for 30 min) taken at  
                       a 30° take-off angle. 
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Figure 3.17 High-resolution XPS C1s spectra of VGCF (oxidized for 60 min) taken at  

                       a 30° take-off angle. 
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Figure 3.18 High-resolution XPS C1s spectra of VGCF (oxidized for 90 min) taken at  
                       a 30° take-off angle. 
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Figure 3.19 High-resolution XPS C1s spectra of VGCF (oxidized for 4 hr) taken at  

                         a 30° take-off angle. 
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Figure 3.20 High-resolution XPS C1s spectra of VGCF (oxidized for 10 hr) taken at  
                         a 30° take-off angle. 
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Figure 3.21 High-resolution XPS C1s spectra of VGCF (oxidized for 24 hr) taken at  
                        a 30° take-off angle. 
 

 Similar deconvolution of the O1s spectra of the VGCF gave 4 peaks designated as 

Peak I (at 530.97-531.94 eV, quinoid carbonyl), Peak II (at 532.33-532.82 eV, carbonyl 

oxygen atoms in esters, anhydrides and oxygen atoms in hydroxyls or esters), Peak III (at 

533.13-533.81 eV, ether oxygen atoms in esters and anhydrides) and Peak IV (at 534.97 

eV, oxygen atoms in carboxyl groups). From this, the distribution of the functional 

groups on the O1s spectra was calculated as shown in Table 3.8. Figure 3.22 shows a 

schematic representation of the functional groups present in the different peaks (peak I – 

IV). 
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Figure 3.22 Schematic representation of the functional groups present in the O1s spectra. 
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Table 3.9 Relative content of functional groups in O1s spectra from XPS at a 30° take-off  
                Angle. 
 
 

Sample ID Percentage area of functional groups in O1s spectra 
 

Peak I          Peak II          Peak III           Peak IV 
   530.97 -        532.33 -         533.13 -          534.97    
   531.94           532.82           533.81  
    (eV)               (eV)                (eV)                 (eV) 

 

Unoxidized VGCF 16.05 ----- 49.14 34.81 

VGCF oxidized for 10 min 35.54 33.62 30.84 ----- 

VGCF oxidized for 20 min 37.34 37.22 25.44 ----- 

VGCF oxidized for 30 min 43.13 37.98 18.89 ----- 

VGCF oxidized for 60 min 19.83 40.14 40.03 ----- 

VGCF oxidized for 90 min 42.18 40.77 17.05 ----- 

VGCF oxidized for 4 h 34.07 32.08 33.85 ----- 

VGCF oxidized for 10 h 19.44 34.13 46.43 ----- 

VGCF oxidized for 24 h 40.11 45.55 14.34 ----- 
 

 

a Peak I (at 530.97-531.94 eV, quinoid carbonyl) 
b Peak II (at 532.33-532.82 eV, carbonyl oxygen atoms in esters, anhydrides and  
                oxygen atoms in hydroxyls or esters) 
c Peak III (at 533.13-533.81 eV, ether oxygen atoms in esters and anhydrides) 
d Peak IV (at  534.97 eV, oxygen atoms in carboxyl groups) 
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Table 3.10 Amount of oxygen present in each peak of oxidized VGCFs relative to 
                         oxygen present on the unoxidized VGCFs. 
 
 

Sample ID Area percent e 
 

Peak I a          Peak II b          Peak III c           Peak IV d 
   530.97 -        532.33 -         533.13 -            534.97  
   531.94          532.82            533.81  
    (eV)               (eV)                (eV)                 (eV) 

 

Unoxidized VGCF 16.05 ----- 49.14 34.81 

VGCF oxidized for 10 min 104.5 98.8 90.67 ----- 

VGCF oxidized for 20 min 109.78 109.43 74.79 ----- 

VGCF oxidized for 30 min 126.80 111.66 55.54 ----- 

VGCF oxidized for 60 min 58.30 118.01 117.69 ----- 

VGCF oxidized for 90 min 124.01 119.86 50.13 ----- 

VGCF oxidized for 4 h 100.17 94.32 99.52 ----- 

VGCF oxidized for 10 h 57.15 100.34 136.50 ----- 

VGCF oxidized for 24 h 117.92 133.92 42.16 ----- 
 

 

a Peak I (at 530.97-531.94 eV, quinoid carbonyl) 
b Peak II (at 532.33-532.82 eV, carbonyl oxygen atoms in esters, anhydrides and  
                oxygen atoms in hydroxyls or esters) 
c Peak III (at 533.13-533.81 eV, ether oxygen atoms in esters and anhydrides) 
d Peak IV (at  534.97 eV, oxygen atoms in carboxyl groups) 
e Unoxidized VGCF is used as the reference 
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        Figure 3.23 Distribution of functional groups in O1s spectra from XPS at a 30° 
          take-off angle. 
 

 

 The XPS results indicate an initial increase in oxygen content with nitric acid 

oxidation (though not continuously). It was observed that oxidation caused peak IV 

(oxygen atoms in carboxyl groups) to disappear. Thus, carboxyl functions are on the 

surface of the as-received fibers. Remarkably, at 115 °C in 69 - 71 wt% nitric acid these 

groups are decarboxylated. Nitric acid oxidation promotes the growth of peak II 

(carbonyl oxygen atoms in esters, anhydrides and oxygen atoms in hydroxyls or esters) at 

the surface. Also, there was an increase in the ester/anhydride and quinone groups in the 

oxidized fibers. Table 3.11 shows the atomic concentrations of the C1s and O1s spectra 

on the surface of VGCFs. 
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Table 3.11 Atomic concentration of C1s and O1s spectra obtained from XPS. 

Sample ID C1s spectra O1s spectra 

Unoxidized VGCF 93.7 6.3 

VGCF oxidized for 10 min 81.5 18.5 

VGCF oxidized for 20 min 83.7 16.3 

VGCF oxidized for 30 min 78.8 21.2 

VGCF oxidized for 60 min 78.8 21.2 

VGCF oxidized for 90 min 77.5 22.5 

VGCF oxidized for 4 hr 81.1 18.9 

VGCF oxidized for 10 hr 85.3 14.7 

VGCF oxidized for 24 hr 85.6 14.4 

 

 A three-fold increase in surface oxygen was observed in oxidized VGCFs 

compared to the unoxidized VGCFs. Correspondingly, the surface carbon content 

decreased in oxidized VGCFs compared to the unoxidized VGCFs. This accounts for the 

increase in base uptake values obtained (oxidized VGCFs showed a double base uptake 

value compared to the unoxidized VGCFs). The phenolic hydroxyl groups present on the 

oxidized VGCFs react with the base (NaOH). The XPS analysis of the unoxidized fiber 

showed the absence of phenolic groups, which accounts for the lower base uptake value 

obtained despite the presence of –COOH functions. Figure 3.24 shows a schematic 

representation of the chemistry of the unoxidized and oxidized edge of the VGCFs. 
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           Figure 3.25 High resolution XPS O1s spectra of unoxidized VGCF taken at a 30°     
                               take-off angle. 
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           Figure 3.26 High resolution XPS O1s spectra of VGCF (oxidized for 10 min)   
                               taken at a 30° take-off angle. 
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         Figure 3.27 High resolution XPS O1s spectra of VGCF (oxidized for 20 min)   
                             taken at a 30° take-off angle. 
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           Figure 3.28 High resolution XPS O1s spectra of VGCF (oxidized for 30 min)   
                               taken at a 30° take-off angle. 
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           Figure 3.29 High resolution XPS O1s spectra of VGCF (oxidized for 60 min)   
                               taken at a 30° take-off angle. 
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           Figure 3.30 High resolution XPS O1s spectra of VGCF (oxidized for 90 min)   
                               taken at a 30° take-off angle. 
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           Figure 3.31 High resolution XPS O1s spectra of VGCF (oxidized for 4 hr)   
                               taken at a 30° take-off angle. 
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           Figure 3.32 High resolution XPS O1s spectra of VGCF (oxidized for 10 hr)   
                               taken at a 30° take-off angle. 
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           Figure 3.33 High resolution XPS O1s spectra of VGCF (oxidized for 24 hr)   
                               taken at a 30° take-off angle. 
 

 The XPS survey spectra of the various VGCFs are shown in Figures 3.34 to 3.42. 

There was a 3-fold increase in the surface O1s functional groups of the oxidized VGCFs 

compared to unoxidized VGCFs (from 6.3 atom % to 21.2 atom %). Nitric acid oxidation 

produces more oxygen containing groups on the surface. This increase was not 

continuous and dropped somewhat to 14.4 atom % for VGCFs, which were oxidized for 

24 h. 
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         Figure 3.34 XPS survey spectra of unoxidized VGCF taken at a 30° take-off angle. 
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          Figure 3.35 XPS survey spectra of VGCF (oxidized for 10 min) taken at a 30°  
                              take-off angle. 
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          Figure 3.36 XPS survey spectra of VGCF (oxidized for 20 min) taken at a 30°  
                              take-off angle. 
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          Figure 3.37 XPS survey spectra of VGCF (oxidized for 30 min) taken at a 30°  
                              take-off angle. 
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          Figure 3.38 XPS survey spectra of VGCF (oxidized for 60 min) taken at a 30°  
                              take-off angle. 
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          Figure 3.39 XPS survey spectra of VGCF (oxidized for 90 min) taken at a 30°  
                              take-off angle. 
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          Figure 3.40 XPS survey spectra of VGCF (oxidized for 4 hr) taken at a 30°  
                              take-off angle. 
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             Figure 3.41 XPS survey spectra of VGCF (oxidized for 10 hr) taken at a 30°  
                                 take-off angle. 
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          Figure 3.42 XPS survey spectra of VGCF (oxidized for 24 hr) taken at a 30°  
                              take-off angle. 

 

 

Scanning Electron Microscope (SEM) studies 

 SEM pictures were taken using Leo/Leica/Cambride S360 SEM. Figure 3.43 

shows the fractured end of an unoxidized VGCF/Epoxy resin composite. One can see the 

ends of the VGCFs at the fractured end. Figure 3.44 shows the same sample at a 

magnification of 10 K. Figure 3.45 shows a press-molded surface picture of the same 

unoxidized VGCF/Epoxy resin composite. The three-dimensional random arrangement of 

the VGCFs is obvious from these pictures. Figure 3.46 shows the fractured end of a 

composite sample containing VGCFs, which has been oxidized for 20 minutes. Figures 

3.47 and Figure 3.48 show the fractured end of a VGCF (oxidized for 90 min)/epoxy 

resin composite. Figure 3.48 is taken at a higher magnification (10K) compared to Figure 

3.47 (2.14K magnification).   



                                                                                                                                             93 
 
 
 

 

Figure 3.43 The fractured end of an unoxidized VGCF/Epoxy resin composite.            

 

 
       Figure 3.44 The fractured end on unoxidized VGCF/Epoxy resin composite at a  
                         magnification of 10K. 
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       Figure 3.45 The press molded surface picture of the same unoxidized  
                          VGCF/Epoxy resin  composite. 
 
 
 

 

Figure 3.46 The fractured end of a VGCF (oxidized for 20 min)/epoxy resin composite. 
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Figure 3.47 The fractured end of a VGCF (oxidized for 90 min)/epoxy resin composite at  
                    a magnification of 2.14 K. 

 

 
 
Figure 3.48 The fractured end of a VGCF (oxidized for 90 min)/epoxy resin composite at  
                    a magnification of 10 K. 
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 Comparing the composite containing unoxidized VGCFs (Figure 3.43) with a 

composite made from oxidized VGCFs (Figure 3.47) demonstrates that fiber pullout was 

much more prominent with unoxidized VGCF (Figure 3.43). This is clearly seen when 

the magnification was increased to 10 K  (Compare Figure 3.44 with Figure 3.48). In the 

unoxidized VGCF/epoxy resin composite, the fibers were randomly distributed in the 

matrix resin as nested groups. The adhesion between the fibers and the resin was limited. 

However, oxidation caused the further introduction of oxygen-containing surface 

functional groups, which altered the fiber-resin interface interaction and contributes to the 

improvement in adhesion of the oxidized fibers to the resin. The bonding strength 

between carbon fibers and resins does not depend on chemical bonds alone [41] but also 

depends on dispersion forces and mechanical interlocking of the fibers. The failure mode 

of the composite depends strongly on the fiber surface treatment. Untreated VGCFs 

failed by frictional debonding and pull-out from within the epoxy matrix (Figure 3.49a) 

whereas in the oxidized VGCFs, the adhesion between the fibers and resin was so strong 

that the matrix failed perpendicular to the fiber axis (Figure 3.49b). The fiber pull out in 

the unoxidized fiber-containing composite was much greater than that of the oxidized 

fiber-containing composite. Also there was less epoxy resin present on the pulled out 

fibers (unoxidized) compared to those fewer oxidized fibers, which were observed to 

extend from the matrix in composites made with oxidized VGCF. Figure 3.46 gives 

further evidence of a better adhesion between the oxidized VGCFs and the polymer 

matrix. TEM studies show how the fibers are distributed in all directions within the resin. 
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Figure 3.49: Schematic representation of the fractured surface of:  a) An unoxidized  
 VGCF-containing composite b) An oxidized VGCF-containing composite. 
 

 
 

 
 

Transmission Electron Microscope (TEM) studies 
 
 TEM pictures were taken using a JOEL JEM-100CX II TEM. All the composite 

samples shown here contained only 5-weight % of fibers. Composites containing 19-

volume % of fibers (equal to 29.4 weight % of fibers) proved too hard to cut using the 

glass and diamond knives available at the TEM center. Figure 3.50 shows a clump of 

unoxidized VGCFs. The fibers are entangled and have some surface-to-surface 

attractions. Overall it is clear that they are both tangled and held together like a ‘bird’s 

nest’. This nesting is an important variable when blending fibers with polymers or resins, 

making it difficult or, perhaps, nearly impossible to completely disperse VGCF in a 

random fashion. Figure 3.51 clearly shows a bamboo morphology for some of these 

fibers (unoxidized VGCF). This morphology has often been observed [96,97] and is 

mixed with cylindrical fibers, which can be rather linear or curved or corkscrew-shaped. 
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 Figure 3.52 shows an unoxidized VGCF/Epoxy resin composite at a 

magnification of 2000X. As is evident from the picture, the fibers were not evenly 

distributed throughout the resin matrix. Instead, higher fiber concentration nests or 

clumps were observed. However, these clumps were clearly infused with resin. Other 

regions of the resin showed lower fiber concentrations and the nested, fiber-rich regions 

were not uniformly distributed within the epoxy resin. Figure 3.53 shows a VGCF 

(oxidized for 30 min)/epoxy resin composite at a magnification of 1400X. At this lower 

magnification several nest-like regions were evident. These nests ranged from ~ 5 to 45 

µm in diameter. The clumps of fibers seen here further prove that an uneven distribution 

of the fibers existed at the microscale in the epoxy resin matrix. At the macroscale, the 

fiber distribution would appear to be homogeneous.  

 Figure 3.54 shows a single strand of a VGCF (oxidized for 20 min) at a 

magnification of 20,000X. Figure 3.55 shows the finer details within the fibers. The 

hollow nature of the VGCFs can be seen in these TEMs (Figure 3.51 and Figure 3.52). 

This TEM photograph was developed on zooming further into the strand of fiber shown 

in Figure 3.54.    
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Figure 3.50  A clump of unoxidized VGCFs. Magnification is 2000X. 
 
 
 
 
 
 

 
 

Figure 3.51 The bamboo vs cylindrical morphology of unoxidized VGCF. Magnification 
is 20000X. 
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Figure 3.52 Unoxidized VGCF/Epoxy resin composite. A nest region with high    
                          concentration is present in matrix with a surrounding region of lower  
                          fiber density. Magnification is 2000X. 
 

 

 
5 µm 

 
Figure 3.53 VGCF (oxidized for 30 min)/epoxy resin composite. Several nested regions  
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                     are evident. Magnification is 1400X. 
 
 
 

 
 
Figure 3.54 A single strand of a VGCF oxidized for 20-minute showing the hollow center  
                    of the fiber. Magnification is 20,000X. 
 

 
 
 

 
 

Figure 3.55 Finer details within the fibers are visible. Magnification is 20000X. 
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Electromagnetic interference (EMI) shielding measurements 

 
 Electromagnetic interference shielding measurements were made by Mr. Jun Xu 

on VGCF/ Derakane 411-45 vinyl ester type of composites. These measurements were 

performed to see how the EMI properties of vinyl ester/VGCF composite would differ if 

the fibers employed were oxidized (versus composites made with unoxidized VGCF). 

Oxidation creates a thicker layer of oxygenated carbon products on the surface. This, in 

turn, binds to resin. Thus, fiber-to-fiber contacts could involve a more insulating type of 

interaction through these surface regions, whereas unoxidized fibers may have contacts, 

which allow better electrical conductivity between fibers. Thus, the conductivity of equal 

wt% fiber composites containing unoxidized fibers might be higher than those containing 

oxidized fibers. Thus, EMI differences may exist.  

 Vinyl ester/oxidized VGCFs (VGCFs oxidized for 90 min) composites were 

provided to Jun Xu. A Hewlett Packard 8753D Network Analyzer was employed for EMI 

studies. Figure 3.56 shows the electric and magnetic field losses for unoxidized VGCF/ 

Derakane 411-45 vinyl ester composites containing 7-weight % fiber loading. Figure 3.57 

shows the electric and magnetic field losses for the corresponding VGCF (oxidized for 90 

min)/Derakane 411-45 vinyl ester composite containing 7 weight % fiber loading. A 

decrease in the shielding effectiveness up to almost 400 MHz was observed in the VGCF 

(oxidized for 90 min)/Derakane 411-45 vinyl ester composite. Figure 3.58 shows the 

electric and magnetic field losses for unoxidized VGCF/ Derakane 411-45 vinyl ester 

composite containing 15-weight % fiber loading. Figure 3.59 shows the electric and 

magnetic field losses for a VGCF (oxidized for 90 min)/ Derakane 411-45 vinyl ester 
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composite containing 15-weight % fiber loading. These results also showed a decrease in 

shielding effectiveness in the VGCF (oxidized for 90 min)/Derakane 411-45 vinyl ester 

composite.  
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  Figure 3.56 Electric and magnetic field losses for unoxidized VGCF/Derakane 
                          411-45 vinyl ester composites containing 7-weight % fiber loading. 
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Figure 3.57 Electric and magnetic field losses for VGCF (oxidized for 90 min)/Derakane  
                    411-45 vinyl ester composites containing 7 weight % fiber loading                    
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Figure 3.58 Electric and magnetic field losses for unoxidized VGCF/ Derakane 
                    411- 45 vinyl ester composites containing 15-weight % fiber loading. 
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 Figure 3.59 Electric and magnetic field losses for VGCF (oxidized for 90 min)/Derakane  

                    411-45 vinyl ester composites containing 15 weight % fiber loading. 
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The volume electrical resistivities of these samples are compared in Table 3.12. A 

huge difference in the resistivities of the samples with oxidized fibers is clear. Their 

resistivities are ~ 1013 higher than when the unoxidized fibers were used at the same 

weight %. 

 

Table 3.12 Volume electrical resistivities of VGCF/Derakane 411-45 vinyl ester  
                composites. 
 

Sample ID 
Volume electrical 

resistivities 
( Ω cm) 

Unoxidized VGCF/ Derakane 411-45 vinyl ester composites 
containing 7-weight % fiber loading 3.83 x 102 

VGCF (oxidized for 90 min)/Derakane 411-45 vinyl ester 
composites containing 7-weight % fiber loading 9.02 x 1015 

Unoxidized VGCF/ Derakane 411-45 vinyl ester composites 
containing 15-weight % fiber loading 7.41 x 101 

VGCF (oxidized for 90 min)/Derakane 411-45 vinyl ester 
composites containing 15-weight % fiber loading 7.4 x 1014 

 

 

These results prove that the nitric acid oxidation of VGCFs caused the fibers to 

act as ‘insulators’ when dispersed in the cured resin. These oxidized fibers acted as if 

they had an insulating layer present on their surfaces which prevented the electron 

transfer between the fibers present in the matrix. Hence, the unoxidized fiber-containing 

composite exhibited a higher shielding effectiveness. The research on the EMI shielding 

effectiveness measurements is the subject of the MS thesis of J.Xu  [82]. 

 



CHAPTER IV 
 

CONCLUSIONS 
 

 
VGCFs (PR-19-PS) have been oxidized in 69-71 wt% nitric acid (115°C) for 

various times (10 min to 24 h). Composites containing 19.2 volume percent (29.4 weight 

percent) of VGCFs were prepared and their flexural properties were measured.  Flexural 

moduli and strengths did not change much when oxidized fibers were used. The 

maximum value of flexural strength was obtained using VGCFs oxidized for 30 min. The 

scatter in the moduli/strength data could be due to the significant number of voids present 

as indicated by void content measurements. Voids serve as stress concentration sites, 

acting as classical defects in the structure. The acidic functionality values obtained 

(calculated with the corresponding pH value of the blank solution at various time 

intervals) for fibers oxidized for various times were similar and showed little difference. 

However, the acidic capacity of the unoxidized fibers was less than that of the oxidized 

fibers. Surface wetability increased after oxidation based on their dispersion behavior 

when shaken with water.  

Increasing the oxidation time gave only a small increase in fiber surface area to a 

limit (from 20.74 m2/g for the unoxidized fibers to 25.78 m2/g for fibers oxidized for 90 

min) during N2 BET measurements. Even after 10 h of oxidation, the surface area was 

not changed much (34.59 m2/g for N2 BET and 24.01 m2/g for CO2-DR). Larger surface  

area changes, from 20.95 m2/g for unoxidized fibers to 67.47 m2/g for fibers oxidized for 

109 
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90 min, were obtained by CO2 DR measurements. Surface areas from CO2 DR were 

greater than N2 BET suggesting some small size pores existed (<1 nm in diameter). 

Significant oxygen-containing surface functionality was present before oxidation and the 

amount of oxygen content increased initially with increasing nitric acid oxidation. The 

increase in surface area (as noted by our CO2-DR measurements but not by 

Quantachrome’s), the increase in acidic functions and the increase in surface oxygen 

atom percentage all occurred very rapidly (∼10 min) during nitric acid oxidation at  

115 οC. Beyond that period, further changes were minor. This is a sharp contrast to the 

behavior of PAN-based fibers. 

Oxidation caused the disappearance of the O1s XPS peak IV (oxygen atoms in 

carboxyl groups) and the appearance of peak II (carbonyl oxygen atoms in esters, 

anhydrides and oxygen atoms in hydroxyls or esters). The amount of esters/anhydride, 

quinone groups (peak II and peak III) increased compared to the unoxidized VGCFs. 

Table 4.1 shows a comparison of VGCF vs PAN-based fibers after nitric acid oxidation 

(115 οC). 
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Table 4.1 Comparison of VGCF vs PAN-based fibers after nitric acid oxidation. 

Details HNO3 oxidized PAN fibers HNO3 oxidized VGCFs 

Wetability of fibers in water Exhibits good wetability on 
oxidation 

Exhibits good wetability on 
oxidation 

Fiber weight loss on 
oxidation 

The weight loss increased 
with oxidation 

No such increase was 
observed 

Surface area by N2 BET 
Continuously increased on 
oxidation (29-fold increase 

after 105 min) 

Slightly increased with the 
increase occurring in the 

first 10 min. 

Surface area by CO2 – DR 

Greatly increased on 
oxidation (>10 fold) 

compared to unoxidized 
fibers 

Modest increase suggested 
in first 10 min. 

Oxygen content at surfaces 
by XPS Showed small increase Greatly increased (>3 fold) 

 

 

The surface morphology of VGCFs is different from those of PAN based carbon 

fibers. The internal structure of the large (1 to 10µm dia), Pyrograf ITM-type VGCFs 

resembles a tree trunk containing concentric rings of CVD pyrolytic carbon (Figure 1.3) 

with an outside layer showing a glassy fracture (without parallel lines) formed from the 

pyrolytic phase [95]. Small (∼ 200 nm diameter) Pyrograf IIITM-type VGCFs exhibit a 

pyrolytic (turbostratic) outer layer of CVD-deposited carbon, which surrounds the central 

highly organized graphitic filament. This central filament is hollow and its walls are 
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composed of well organized parallel planes of graphite wrapped in cones along the fiber 

axis. These graphite planes intersect the hollow center of the fiber at a highly oblique 

angle. This same type of filament structure also exists in the Pyrograf ITM fibers. 

However, the thickness of the surrounding CVD layer in these fibers is far greater than 

that of the Pyrograf IIITM fibers. 

PAN-based fibers on the other hand consist of long primary stacked units of 

graphite sheets lying parallel to the fiber axis and separated by elongated pores. The 

sheets bend and twist in various ways, sometimes intersecting the fiber surface to expose 

lateral planes among the more dominant basal surface planes. These lateral planes are the 

sites of progressive oxidations, which eventually destroy, PAN fibers. In contrast, 

VGCFs are remarkably oxidation resistant. Apparently, no lateral plane oxidation can 

proceed very far below the surface. The turbostratic layer is a highly oxidation resistant 

morphology. Previous work on VGCFs by Darmstadt et al. showed that due to the small 

diameter (0.2 µm) of VGCFs, surface treatment on VGCFs influenced not only the 

surface but also the bulk chemistry and structure [33a]. However, it appears that the 

VGCFs are more resistant to oxidation (compared to PAN fibers). 

Composites were prepared containing VGCFs and epoxy resin. Transmission 

electron microscope (TEM) studies showed that many of the VGCFs were nested 

together in specific domains within the resin matrix. Uniform dispersion of the fibers in 

the resin is a problem, which has to be overcome in the future to obtain better results. 

This may require high shear mixing in a twin-screw extruder or brabender or some other 
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special pre-dispersion methods. Another major problem is the three-dimensional random 

fiber orientation. 



 
APPENDIX 

 
ALL THE DATAS USED IN TABLES 
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APPENDIX  
 
 

Three point bend test results 
 
 

Composite ID 
Flexural 
Modulus 
(MPa) 

Flexural Strength 
(GPa) 

Unoxidized VGCF/epoxy composite 
5342.57 
5173.90 
7154.61 

113.55 
91.69 
108.21 

VGCF (oxidized for 10 min)/epoxy composite 6311.99 
8639.66 

84.54 
103.87 

VGCF (oxidized for 20 min)/epoxy composite 
3589.38 
5058.25 
3292.47 

93.07 
111.51 
97.45 

VGCF (oxidized for 30 min)/epoxy composite 

3151.10 
4091.15 
3498.82 
3991.03 

119.63 
113.32 
97.89 
109.66 

VGCF (oxidized for 60 min)/epoxy composite 
6364.80 
6356.01 
7039.98 

82.61 
84.71 
95.13 

VGCF (oxidized for 90 min)/epoxy composite 
4001.06 
4682.28 
5627.49 

95.61 
112.35 
99.522 
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Base uptake values 
 
 

The acidic capacities of the VGCF samples calculated with the pH value (11.28) 

of the blank solution at various time intervals 

 
Sample ID   Time (hr)     
         
  1 2 3 4 7 12 24
         
Unoxidized 26.25 24.65 33.76 36.53 47.52 46.41 46.41
VGCF(10 min oxidized) 95.26 95.26 95.27 95.26 95.27 95.27 95.27
VGCF(20 min  oxidized) 95.24 95.22 95.24 95.25 95.25 95.25 95.26
VGCF(30 min  oxidized) 95.27 95.27 95.27 95.27 95.27 95.27 95.27
VGCF(60 min  oxidized) 94.07 91.39 92.82 93.19 94.25 94.76 95.13
VGCF(90 min  oxidized) 95.27 95.27 95.27 95.27 95.27 95.27 95.27
VGCF(4 hr  oxidized) 95.27 95.27 95.27 95.27 95.27 95.27 95.27
VGCF(10 hr  oxidized) 95.27 95.27 95.27 95.27 95.27 95.27 95.27
VGCF(24 hr  oxidized) 95.27 95.27 95.27 95.27 95.27 95.27 95.27
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Base uptake values 
 

 
The acidic capacities of the VGCF samples calculated with the corresponding pH 

value of the blank solution at various time intervals. 

 
 
Sample ID   Time (hr)     
         
  1 2 3 4 7 12 24
         
Unoxidized 26.25 22.48 27.4 26.17 33.34 26.82 21.77
VGCF(10 min oxidized) 95.26 93.09 88.9 84.9 81.08 75.67 70.62
VGCF(20 min  oxidized) 95.24 93.05 88.87 84.89 81.06 75.66 70.61
VGCF(30 min  oxidized) 95.27 93.1 88.91 84.91 81.09 75.68 70.63
VGCF(60 min  oxidized) 94.07 89.22 86.47 82.83 81.07 75.17 70.48
VGCF(90 min  oxidized) 95.27 93.1 88.91 84.91 81.09 75.68 70.63
VGCF(4 hr  oxidized) 95.27 93.1 88.91 84.91 81.09 75.68 70.63
VGCF(10 hr  oxidized) 95.27 93.1 88.91 84.91 81.09 75.68 70.63
VGCF(24 hr  oxidized) 95.27 93.1 88.91 84.91 81.09 75.68 70.63
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Void content and density measurements 
 
 
 

Sample ID Void Content 
(%) 

Density 
(g/cc) 

Unoxidized VGCF/Epoxy composite. 

2.318 
2.318 
3.217 
2.543 
2.168 

 

1.303 
1.303 
1.291 
1.300 
1.305 

 

VGCF (oxidized for 10 min)/epoxy 
composite 

2.617 
2.617 
2.393 
2.318 
2.318 

 

1.299 
1.299 
1.302 
1.303 
1.303 

 

VGCF (oxidized for 20 min)/epoxy 
composite 

2.992 
2.018 
2.318 
2.468 
2.318 

 

1.294 
1.307 
1.303 
1.301 
1.303 

 

VGCF (oxidized for 30 min)/epoxy 
composite 

2.543 
1.943 
1.943 
2.543 
2.243 

 

1.300 
1.308 
1.308 
1.300 
1.304 

 

VGCF (oxidized for 60 min)/epoxy 
composite 

2.168 
1.493 
2.243 
1.793 
2.243 

 

1.305 
1.314 
1.304 
1.310 
1.304 

 

VGCF (oxidized for 90 min)/epoxy 
composite 

1.943 
2.093 
1.718 
1.868 
2.168 

 

1.308 
1.306 
1.311 
1.309 
1.305 
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CO2 - DR surface area versus N2 BET surface area 

 
 

Sample ID N2 BET     
  (m2/g) 

CO2-DR      
 (m2/g) 

Unoxidized VGCF 20.74 
21.81 38.02* 20.95 d,* 

20.00 d,* 
 25.11 b 
20.33 a 

VGCF oxidized for10 min 
22.96 
23.57 

 

58.99 
60.09 

 

VGCF oxidized for 20 min 
23.87 
24.27 

 

54.26 
52.42 

 

VGCF oxidized for 30 min 28.18 
27.33 23.01 68.00 

66.73 73.53 

VGCF oxidized for 60 min 

 
24.98 
24.97 

 

 
42.24 
41.36 

 

VGCF oxidized for 90 min 
25.78 
26.30 

 

67.47 
67.13 

 

VGCF oxidized for 10 h 34.59 d 34.63  24.01 c,d 
22.22 c,d 

33.25 b 
26.92 a 

 
        a Surface area value obtained (at MSU) by assuming the cross sectional area of CO2    
            to be 17 Å2/molecule. 
        b Surface area value obtained (at MSU) by assuming the cross sectional area of CO2    
            to be 21 Å2/molecule. 
        c Surface area value obtained (at Quantachrome) by assuming the cross sectional  
            area of CO2 to be 17 Å2/molecule. 
        d Surface area values obtained at Quantachrome. 
            * Surface area values for a different batch of VGCFs (PR-19-PS). 
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