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Morphology and Dispersion of Pristine and 
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  Qingdao University of Science and Technology, Qingdao, China, and Department of 

Chemical and Materials Engineering, University of Cincinnati, Cincinnati, OH,  
USA 

1. Introduction     

Carbon nanofibers have been of great interest due to their extraordinary mechanical and 
electronic properties. Carbon nanofibers (CNF) are different from carbon nanotubes in that 
they have many more walls of crystalline carbon and usually have more structural defects 
than carbon nanotubes. The cost of preparing carbon nanofibers is significantly less than 
carbon nanotubes due to the synthesis techniques used, defects and the remaining 
amorphous carbon. 
Carbon nanofibers are suitable for a range of applications such as reinforcing fillers, field 
emitters and nanoelectronic devices etc. (Dresselhaus, Dresselhaus et al. 2001; Safadi, 
Andrews et al. 2002; Gong, Li et al. 2005; Li, Zhao et al. 2005) Unfortunately, the advantages 
of carbon nanofibers have not been realized because of the difficulty of obtaining fully 
dispersed nanofibers. Although hundreds of papers have been published describing 
enhanced dispersion of carbon nanofibers by surface modification, plasma treatment and 
functionalization of the sidewalls and fiber tips, quantitative measurement of the degree of 
dispersion remains challenging and the nature of the dispersed entities remains unknown.  
Scattering methods is an ideal tool to provide structural information about nanofiber 
morphology. In this chapter, we review several approaches that are used to assist 
dispersion, including surface modification, PEG-functionalization and plasma treatment 
Small angle light scattering is utilized as a primary tool to assess the morphology of the 
carbon nanofibers and quantify dispersion of the carbon nanofibers treated through these 
approaches. A simplified tube or fiber model is introduced to assist in further 
understanding the morphology. The chapter is divided into three sections. 
The first section focuses on dispersion of untreated and acid-treated carbon nanofibers 
suspended in water.  Analysis of Light scattering data provides the first insights into the 
mechanism by which surface treatment promotes dispersion.  Both acid-treated and 
untreated nanofibers exhibit hierarchical morphology consisting of small-scale aggregates 
(bundles) that agglomerate to form fractal clusters that eventually precipitate. Although the 
morphology of the aggregates and agglomerates is nearly independent of surface treatment, 
their time evolution is quite different. Acid oxidation has little effect on bundle morphology. 
Rather acid treatment slows agglomeration of the bundles. The second section discusses the 
morphology and dispersion of solubilized carbon nanofibers. Light scattering data indicate 
that PEG-functionalized nanofibers are dispersed at small rod-like bundle (side-by-side 
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aggregate) level. PEG-functionalization of the carbon fibers leads to solubilization not by 
disrupting small-scale size-by-side bundles, but by inhibiting formation of the large-scale 
agglomerates. The third section focuses on dispersion of plasma-treated carbon nanofibers. 
Comparison of untreated and plasma-treated nanofibers shows that plasma treatment 
facilitates dispersion of nanofibers. The chapter will conclude with a summary. 

1.1 Thermodynamics of nanophase carbon 
In this section, the origin of the dispersion problem, mainly with respect to thermodynamics 
is explored. Several factors make the dispersion of nanophase carbon particularly 
troublesome. These factors are dominated by strong attraction between carbon species of 
both enthalpic and entropic origin. In addition, the low dimensionality of carbon nanotubes 
leads to an enhancement of these attractive forces. 
The origin of the attractive forces between graphitic structures is well known. Due to the 
extended pi electron system, these systems are highly polarizable, and thus subject to large 
attractive van der Waals forces. These forces are responsible for the secondary bonding that 
holds graphitic layers together. In the case of carbon nanofibers, these forces lead to so 
called “bundles,” extended structures formed by side-by-side aggregation of the nanofibers. 
When suspended in a polymer, an attractive force between filler particles also arises due to 
pure entropic factors. (Bechinger, Rudhardt et al. 1999) Polymer chains in the corona region 
of the colloidal filler suffer an entropic penalty since roughly half of their configurations are 
precluded. Therefore there is a depletion of polymer in the corona. This depletion results in 
an osmotic pressure forcing the filler particles together. This effective attraction is intrinsic 
to colloids dispersed in polymers. 
Finally, the linear structure of carbon nanotubes leads to a cooperative effect that enhances 
the forces described above. Whereas spherical particles touch at a point, rods interact along 
a line. As a result the above forces are augmented by filler geometry. 

1.2 Structure and small-angle scattering: 
Small-angle scattering is a powerful technique for characterization of fractal objects. Small 
angle scattering (SAS) is the collective name given to the techniques of small angle neutron 
(SANS), x-ray (SAXS) and light (SALS, or just LS) scattering. Fractal objects are geometrically 
self-similar under a transformation of scale. (Schaefer 1988) This self-similarity is implicit in 
the power-law functions. In a scattering experiment, however, self-similarity is manifest in a 
power-law relationship between intensity I and wave vector q.  

 I(q) ∝ q-P  (1) 

In scattering experiments, the scattered intensity I(q), which is proportional to the scattering 
cross section per unit volume dΣ/VdΩ, is measured as a function of scattering angle θ. This 
angle is related to the wave vector, q.  

   q = 4nπ/λ sin(θ/2) = 2π/d  (2) 

where λ is the wavelength of the incident beam in the media, θ is the scattering angle, and d 
is the length scale probed in the experiment. 
The scattered intensity, I(q), then is expressed as:  

 I(q) ∝ NP2(q)S(q)  (3) 
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where N is the number density of individual scatterers, P(q) is a form factor related to the 
shape and scattering crosssection of the scatterers and S(q) is the structure factor related to 
correlations between the scatterers.  
In the scattering experiment, a beam of electromagnetic radiation strikes a sample. The 
radiation is elastically scattered by the sample. A detector records the scattered beam. The 
resulting scattering pattern can be analyzed to provide information about the size and shape 
etc. of nanoparticles. Scattering techniques effectively probe an object on different length 
scales as determined by q-1. (Schaefer, Bunker et al. 1989) 
In our study, we use small angle light scattering as a primary tool to investigate dispersion 
of nanofibers. The dispersion efficiency was determined using a low-angle light scattering 
photometer–a Micromeritics Saturn Digitizer (www.micromeritics.com). Light scattering 
data are reported in reciprocal space (intensity vs. wave vector, q).   Data in this form are 
directly available. Light scattering covers the regime 10-6 Å-1 < q < 10-3 Å–1. The q-range 
corresponds to length-scales (~q-1) from 100 µm at low q to 1000 Å at high q. A scattering 
curve can be fitted over two-level regimes by a unified function related to the aggregated 
bundles and agglomerate structure respectively.  

2. Acid-treated and As-received nanofibers 

 
Fig. 1. TEMs of unmodified carbon nanofibers PR19HT.  Graphitic layers are visible at both 
magnifications.  The low-resolution image shows a variety of tube shapes and morphologies 
including concentric cylinders and stacked cones.  No metallic catalyst was observed.  The 
bars are 20 nm and 2 nm. 

Applied Sciences, Inc. (ASI) made all the nanofiber samples used in this research using full 
scale chemical vapor deposition (CVD). A 3:1 concentrated H2SO4:HNO3 mixture is 
commonly used for surface modification. (Chen, Hamon et al. 1998; Chen, Rao et al. 2001) 
After such acid treatment, nanofibers form relatively stable colloidal solutions in water. 
Dispersions have been characterized by atomic force microscopy (AFM), UV/visible-NIR 
spectra etc. (Shaffer, Fan et al. 1998; Ausman, Piner et al. 2000) The evolution of the 
dispersed state under quiescent conditions following sonication, however, remains 
unknown.  Here, we use light scattering to quantify the state dispersion of as-received and 
acid-treated carbon nanofibers as a function of time. To understand the state of aggregation 
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of the nanofibers, the size distribution from the light scattering data is determined using the 
maximum entropy (ME) method. (Potton, Daniell et al. 1988; Morrison, Corcoran et al. 1992; 
Boukari, Long et al. 2000) We used the Irena code (http://www.uni.aps.anl.gov/ 
~ilavsky/irena.html) developed by Ilavsky and Jemian to obtain the maximum-entropy 
solution. (Jemian, Weertman et al. 1991; Ilavsky 2004) 
 

 
Fig. 2. TEMs of acid-treated nanofibers PR19LHT: More defects on the walls are evident and 
breakage of graphite layers.  The bars are 20 nm and 2 nm. 

2.1 Transmission Electron Microscopy (TEM) 
The raw Pyrograf®-III PR19HT powder consists of loosely aggregated nanofibers.  Some 
nanofibers are curved with open ends. A representative HRTEM image of the original 
Pyrograf®-III PR19HT (Figure 1) shows the graphite structure with the interlayer spacing d 
= 0.34 nm. No iron catalyst particles are found by TEM.  Defects on the walls of nanofibers 
are occasionally observed in pristine nanofibers. 
 

 Time 5min 1 hr 2 hr 5 hr 8 hr 24 hr 32hr 44hr 

Rg (μm) 4.8 4.6 4.5 4.3 3.5 8.4 11.9 14.4 

P 1.04 1.07 1.09 1.01 1.00 1.29 1.45 1.78 

G 9.5 8.7 8.5 7.2 4.6 14.0 30.5 69.1 
Low q 

105 B 6.33 9.89 2.75 5.28 1.94 0.94 0.45 0.006 

Rg (μm) 0.80 0.83 0.78 0.75 0.86 0.79 0.77 0.87 
High q 

P 2.10 2.13 2.15 2.03 2.09 2.00 2.08 2.07 

 G 0.87 1.15 0.72 0.42 1.30 0.97 1.04 1.61 

 108 B 3.25 2.72 2.82 4.01 3.35 6.09 3.14 3.29 
 

Table 1. Guinier radii and exponents as a function of time for acid-treated carbon nanofibers 
PR19HT. 
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Bright-field, high-resolution TEM images of the acid-treated nanofibers PR19HT are shown 
in Figure 2. More defects and even serious damage are found after the acid treatment. 
Disruption of outer graphitic layers is also observed. The stripping of the altered outer 
graphite layers after strong oxidation can give rise to thinning of nanofibers. These 
observations are consistent with the literature. (Shaffer, Fan et al. 1998; Monthioux, Smith et 
al. 2001) 

2.2 Light scattering investigation 
There is considerable experimental evidence for the presence of carboxylic acid bound to 
carbon nanotubes through acid treatment. (Liu, Rinzler et al. 1998; Hu, Bhowmik et al. 2001) 
These carboxylic groups result in improved dispersion of carbon nanotubes in polar 
solvents. The carboxylated carbon nanofibers are stable in water for days. In the absence of 
sonication, however, tubes eventually aggregate and precipitate.  We use light scattering to 
monitor this process.  

0.1

2

3

4
5
6

1

2

3

4
5
6

10

2

3

4
5
6

In
te

n
si

ty

4 6 8

10 -5
2 4 6 8

10 -4
2 4 6 8

q (A -1)

   Time
5m
1h
2h
5h
8h
24h
32h
44h

 
Fig. 3. Dispersion of acid-treated nanofibers PR19HT in water during two-day suspension. 
The suspensions were sonicated at 10W for five minutes before data were taken using light 
scattering in batch mode.  Minimal change is observed at large q indicating minimal change 
in morphology below 1 μm.  The micron-size entities originally present simply aggregate 
into larger structures in a hierarchical fashion.  The lines are two-level unified fits.  The 
unified parameters are collected in Table 1. 

Figure 3 shows the light scattering profiles as a function of time for acid-treated nanofibers 
PR19HT in water at a concentration of 5.0 × 10-6 g/ml.  The data were obtained in the batch 
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mode with no circulation or sonication.  Initially the scattered intensity at low q decreases 
up to 8 hours. Below we argue that this decrease is due to settling with minimal 
agglomeration.  After 8 h, however, the intensity increases substantially at low-q, consistent 
with agglomeration.  In dilute solution the intensity at q –> 0 is proportional to molecular 
weight, so the data in Fig. 3 imply an increase of molecular weight by a factor of ten 
between 8 and 44 hours. 
Except for the data near 8 h, two “knees” are observed indicating two length scales.  The 
knee region is referred to as Guinier scattering. The curvature in the Guinier regime defines 
a length scale (Guinier radius or radius-of-gyration, Rg, in the case of independent 
scatterers).  Each Guinier knee is followed by a quasi power-law regime. The curves were fit 
using Beaucage’s Unified Model to extract Rg, the power-law exponents, P, and the Guinier 
prefactors, G, and power-law prefactor, B, associated with each length scale. (Beaucage, 
Schaefer et al. 1994) These parameters are displayed in Table 1 for the two structural levels. 
The slope near –2 (P = 2) on a log-log plot around q = 0.002 Å-1 could arise from a hollow 
tube since the wall of such an object is a two-dimensional on scales larger than its wall 
thickness and shorter than the radius.  Such a slope, however, can also arise from more 
complex aggregated structures. (Schaefer, Brown et al. 2003; Schaefer, Zhao et al. 2003) The 
crossover length scale (q-1 ≅ 1 μm) between the two power-law regimes corresponds to the 
largest radius of the tube aggregates. Minimal change in Rg and P is observed for q > 10-4  
Å-1, indicating minimal change in morphology with time on length scales below ~1 μm. 
The prefactor, G, derived from high-q structural level (level 1) decreases up to 8 hours, 
indicating that the number and/or molecular weight of the small-scale entities is decreasing 
up to 8 h.  After 8 h, however, the data indicate that these small-scale structure cluster form 
large-scale objects, which we call agglomerates. All the carbon precipitates after several 
days.  Chen et al observed similar behavior in the region 2 x 10-4 < q < 2 x 10-3 for single-
walled nanotube suspensions. (Chen, Saltiel et al. 2004) 
We also monitored dispersion behavior of untreated carbon nanofibers PR19HT although 
such a suspension is quite unstable in water even with aid of ultrasound. The data for the 
untreated sample (Figure 4) show similarities and differences when compared to the treated 
sample.  Although less visible, two structural levels are present and the length scales are 
similar to the treated case in Figure 3.  For the as-received sample, however, the large-scale 
agglomerates are observed immediately (5 min) whereas they form after 8 h in the treated 
case.  Acid-treatment retards this agglomeration.  The overall intensity also shows a nearly 
monotonic trend with time to lower values consistent with precipitation being the dominant 
process.  The extracted Rgs ( Table 2) are virtually unchanged during the precipitation 
process.  The similarity of the length scales for the treated and untreated samples shows that 
acid treatment does not change the gross morphology of the nanotube aggregates, but only 
inhibits agglomeration of these smaller scale aggregates. (Zhao, Schaefer et al. 2005) 
Figure 5 compares the scattering profile for acid-treated and as-received carbon nanofibers 
at 5 min after sonication. The intensity at low q (prefactor, G) for the acid-treated sample is 
one order of magnitude smaller than that for the untreated one, indicating smaller entities in 
former suspension. Detailed analysis shows that the low-q Guinier radius is 4.8 μm for acid-
treated nanofibers, compared to 21.3 μm for untreated nanofibers. These observations are 
consistent with improved dispersion due to the presence of oxygen-containing functional 
groups on the surface. 
In principle, the morphology of both the small and large-scale objects can be inferred from 
the power-law exponents, P, since P is the fractal dimension, D, of the objects giving rise to 
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Fig. 4. Evolution of the light scattering profile of un-modified nanofibers PR19HT for two 
days following dispersion by sonication. The suspensions were sonicated at 10 W for five 
minutes before the observations began.  The measurements were taken in the batch mode, 
so the sample was undisturbed during the course of the experiment. Note that the intensity 
at small q is a factor of 10 larger than Fig. 3, implying larger aggregated structures. The lines 
are two-level unified fits. 

 Time 5min 1 hr 2 hr 5 hr 8 hr 24 hr 32hr 44hr 

Rg (μm) 21.3 20.9 20.8 19.4 18.6 19.5 20.1 20.2 
Low q 

P 1.48 1.44 1.43 1.22 1.23 1.32 1.35 1.40 

 G 160.2 110.1 74.2 51.5 44.9 65.2 70.1 74.3 

 106 B 0.59 4.23 4.14 29.72 23.24 10.67 8.30 4.43 

Rg (μm) 0.86 0.84 0.88 0.83 0.87 0.83 0.83 0.82 
High q 

P 2.01 2.07 2.15 2.14 2.08 2.00 1.98 2.10 

 G 1.53 1.24 1.46 0.92 1.00 0.67 0.66 0.69 

 108 B 4.53 2.93 1.67 1.77 2.56 3.90 4.75 1.89 

Table 2. Guinier radii and exponents as a function of time for as-received carbon nanofibers 
PR19HT. 
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the scattering.  D = 1 implies a linear objects and D > 1 indicates more branched or flexible 
structures. (Schaefer, Brown et al. 2003; Schaefer, Zhao et al. 2003) For our data, however, 
the scattering entities are polydisperse and the power-law regions extend over a very 
limited q range, so this approach is unworkable.  An alternative is to use the relationship 

D
w zM R= , 

where Mw is the weight-average molecular weight, Rz is the weight-squared-average radius 
and D is the fractal dimension of the object. Since G ~ Mw and Rz ~ Rg, D can be extracted 
from the slope of a log-log plot of G vs. Rg. Such a plot is shown in Figure 6 for the two 
structural levels for both the treated and untreated samples. Except for the low-q data for 
the treated sample, the data imply D ≥ 6, which is unphysical. When the slope is greater 
than 3 we interpret the evolution of the scattering profile as due to precipitation of carbon, 
because, to first approximation, G simply decreases at fixed Rg. For the untreated samples, 
therefore, both structural levels evolve by precipitation.   
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Fig. 5. Comparison of the scattering profiles for untreated and acid-treated carbon 
nanofibers PR19HT 5 min after sonication.  A substantial population large-scale clusters is 
present only for the untreated sample. 

For the treated sample, the small-scale objects precipitate for the first 8 h. and then begin to 
agglomerate. The latter conclusion is reached because D = 1.7 ± 0.15 for the large-scale 
structure (Figure 6), consistent with a fractal morphology characteristic of agglomerates 
formed by kinetic growth. This number is also consistent with the value of P in Table 1 for 
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the 44-h treated sample.  For the other times, the power-law region is insufficient to compare 
the measured Ps and D from Figure 6. For the treated sample, precipitation dominates 
agglomeration up to 8 h and agglomeration dominates precipitation after 8 h. 
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Fig. 6. Relationship between the Guinier prefactors and the Guinier radius for two structural 
levels observed in Figures 4 and 5.  The low-q result for the treated sample is consistent with 
agglomeration to form a fractal cluster with fractal dimension D = 1.7.  In the other cases, the 
large change in G with minimal change in Rg is consistent with sedimentation. 

2.3 Size distribution 
In order to further understand the morphology evolution, the data were analyzed to 
estimate the bundle size distributions using the maximum-entropy method. To extract the 
size distribution a particle shape must be assumed. Electron microscopy shows that carbon 
nanofibers are tube-like with some fibers showing more rod-like character. The high-q 
feature of the data should arise from this one-dimensional morphology. 
We investigated both rod and tube models as shown in Figures 7 and 8, which compare the 
two models for the 8-h acid-treated sample.  Figure 5.1.7 shows the fits to the light scattering 
data.  Figure 8 shows the corresponding volume distributions assuming both rod and tube 
form factors.  In the tube case, distributions calculated for different tube-wall thicknesses are 
shown. For the tube model the fits to the scattering profiles are virtually independent of wall 
thickness, although the volume distributions show a change in amplitude consistent with 
the increase of molecular weight with wall thickness, the solid rod being the limiting case. 
Fortunately, the position and shape of the distribution does not depend strongly on the 
assumed form factor. 
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Fig. 7. Maximum-entropy fits to the 8-h treated data assuming rods and tubes.  The tube fit 
is virtually independent of the assumed tube wall thickness.  Both rods and tube 
distributions fit equally well. 
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Fig. 8. Volume distributions assuming rods and tubes for the 8-h acid treated data.  Both 
models show diameters somewhat larger than that observed by TEM, indicating some (side-
by-side) aggregation. 
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Fig. 9. (a) High-q volume distributions as a function of time for acid-treated nanofibers. The 
curves are obtained by ME method from light scattering data in the high q region. The 
particle shape used is tube.  The ordinate is arbitrary in that the contrast is not known. 
 b) High-q volume distributions for untreated nanofibers.  The curves are obtained by ME 
method from light scattering data in the high q region. The particle shape used is tube. 
Although the ordinate is in arbitrary units, the distributions can be quantitatively compared 
to Figure 9. 

Based on the fits, it is impossible to distinguish between rods and tubes or for that matter 
more complex structures.  Both models give similar results with a peak in the diameter 
distribution around 0.5 µm. In all cases, the diameter at the peak is considerably larger than 
the tube diameters seen in TEM. The scattering entities are not individual tubes, but bundles 
thereof. 
Interestingly, the size distributions (Figures 9) extracted from these high-q data show 
minimal change with time implying that the short-scale morphology is maintained during 
agglomeration and precipitation. Both the peak position and the tails to larger sizes indicate 
that dispersion is not complete, based on the tube diameters seen in TEM. The bias to larger 
sizes is likely due to side-by-side fiber aggregates that are never disrupted. Because light 
scattering is weighted by volume, it doesn’t take much aggregation to produce such tails on 
the size distributions.  
Comparison of Figures 9 (a) and (b) shows that the large-diameter wing of the distribution is 
suppressed in the acid-treated sample. That is, acid treatment breaks up the larger 
aggregates.  Since the contrast is not known, the volume distributions (ordinate in Figure 9) 
are on an arbitrary scale. Nevertheless, comparison of the distributions in Figures 9 is 
meaningful.  Based on this comparison, the volume missing from the large-diameter wings 
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of the treated distributions shows up at around 0.4 μm, which is still substantially larger 
than the largest individual fibers seen in TEM.  
The simplified rod and tube models used here were developed by Justice and Schaefer. 
(Schaefer, Justice et al. 2005) These models approximate the exact rod and tube models in 
various power-law regimes and give the proper crossover length scales. Exact models, 
however, display oscillations in the power-law regimes, which are suppressed in the 
simplified models. This simplification is of minimal consequence when dealing with 
polydisperse distributions but it does accelerate the ME fitting code. 
Determination of the size distribution for the low-q data is more challenging. In fact, we are 
not able to extract reasonable size distributions from the low-q portion data using a fractal 
aggregate model. The process of dispersion and precipitation, however, can be inferred from 
time evolution of Rg and G extracted from the low-q unified fits. These parameters are 
found in Table 1.  
Figures 10 and 11 show Rg and G derived from low-q region as function of time for acid-
treated and untreated nanofibers. For the untreated fibers, G decreases abruptly at constant 
Rg, consistent with precipitation. After 10 h both Rg and G stabilize. For the treated case, G 
and Rg increase with time consistent with agglomeration.  It is interesting that after 44 h, 
these parameters approach that of the untreated fibers. These observations are consistent 
with the fact that acid treatment slows agglomeration and precipitation, but ultimately the 
fate of the treated fibers is the same as that of the untreated. 
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Fig. 10. Rg derived from low q region as a function of time for untreated and acid-treated 
nanofibers. 
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Fig. 11. G derived from low q region as a function of time for untreated and acid-treated 
nanofibers. At a given concentration G is proportional to the molecular weight. 

2.4 Effect of post production processing 
In order to optimize their structural features for different applications, these carbon 
nanofibers are usually processed upon production. Such post production processing can 
render nanocarbons to possess more desirable strength and electrical conductivity. 
(http://www.apsci.com/ppi-pyro3.html) For instance, heat treatment (HT) (up to 3000 °C) 
is performed to graphitize chemical vapor deposited (CVD) carbon present on the surface of 
as-grown carbon nanofibers. Thus, the heat-treated nanofibers possess highly electrical 
conductivity. Meanwhile, iron catalysts are removed in this process. 
Post production thermal processing also alters surface properties of nanofibers, and thus 
probably influence their dispersion behavior. The acid-treated nanofibers PR19HT were 
studied in previous sections. Here we investigate dispersion of another type of acid-treated 
nanofibers PR19PS. PS means pyrolytically stripped carbon nanofibers. Typically, 
polyaromatic hydrocarbons are removed during this processing. 
 Presented in Figure 12, HRTEM images of as-received nanofibers PR19PS show that the 
naofibers are wrapped with a smooth CVD layer. Defects are occasionally found on the 
surface. Figure 13 shows typical TEM images of acid-treated PR19PS. Nanofibers with 
serious damage are observed. The CVD layer becomes rugged and defects are much more 
obvious along sidewalls after acid treatment. 
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Fig. 12. TEMs of unmodified carbon nanotubes PR19PS.  CVD layers are visible at both 
magnifications.  The low-resolution image shows a variety of tube shapes and morphologies 
including concentric cylinders and stacked cones.  The bars are 20 nm and 2 nm. 
 

 
Fig. 13. TEMs of acid-treated PR19PS: More defects on the walls are evident.  The bars are 20 
nm and 2 nm. 

We also measured dispersion behavior of acid-treated nanofibers PR19PS suspended in 
water using light scattering. Figure 14 shows the light scattering profiles as a function of 
time for acid-treated nanofibers PR19PS in water at a concentration of 5.0 × 10-6 g/ml.  The 
data were obtained in the batch mode with no circulation or sonication. The overall intensity 
for acid-treated PR19PS shows similar tendency as acid-treated PR19HT, with an initial 
decrease followed by substantial increase. The maximal decrease in the intensity at low q is 

20 nm20 nm 5 nm5 nm

20 nm20 nm 2 nm2 nm
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observed at 21 hr for acid-treated PR19PS whereas it occurs at 8hr for acid-treated PR19HT. 
That is, acid-treated PR19PS shows slower precipitation process with minimal 
agglomeration during the initial period. The considerable increase in the intensity at low q 
indicates agglomeration. Figure 15 compares scattering profiles of acid-treated PR19HT at 
44 hr and PR19PS at 120 hr. Minimal difference in intensity at low q for both cases implies 
slower agglomeration for acid-treated PR19PS. 
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Fig. 14. Dispersion of acid-treated nanofibers (PR19PS) in water during four-day suspension. 
The suspensions were sonicated at 10W for five minutes before data were taken using light 
scattering in batch mode. 

The scattering curves consist of one quasi power-law regimes and one Guinier regime. The 
curves were fit using Beaucage’s Unified Model to extract Rg, the power-law exponents, P, 
and the Guinier prefactors, G, and power-law prefactor, B.(Beaucage, Schaefer et al. 1994) 
These parameters are listed in Table 3. 
Figures 16 and 17 show Rg and G as a function of time for acid-treated nanofibers PR19PS 
and PR19HT. Following initial decrease due to precipitation, Rgs for acid-treated PR19PS 
nanofibers show a gradual increase over time whereas Rg for acid-treated PR19HT increase 
dramatically. It takes 120 hr for treated PR19PS to approach the Rg at 44 hr for treated 
PR19HT. At this Rg ( ≅ 15 μm ), G derived from treated PR19PS is much larger than that 
from treated PR19HT, indicating that more carbon entities are present in treated PR19PS 
suspension. Acid-treated PR19PS is suspended longer in water and agglomerates slowly. 
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Fig. 15. Comparison of the scattering profiles for acid-treated carbon nanofibers PR19HT 
and PR19PS. 
 

Time 5min 2 hr 5 hr 21 hr 48 hr 72 hr 96 hr 120 hr 144 hr 

Rg (μm) 7.4 4.9 4.5 3.5 4.4 7.6 12.4 15.9 16.6 

P 1.18 1.25 1.26 1.35 1.24 1.13 1.11 1.15 1.18 

G 23.34 16.47 14.06 9.03 10.61 18.52 48.42 97.81 158.92 

105 B 6.67 3.54 3.04 1.25 3.28 7.66 7.64 4.70 2.95 

Table 3. Guinier radii and exponents as a function of time for acid-treated carbon nanofibers 
PR19PS. 

Due to their graphete nature, the sidewalls of nanofibers PR19HT possess a chemical 
stability. However, the presence of CVD layers on the surface of PR19PS makes the 
chemistry available for surface modification less restrictive. Thus, PR19PS is more 
vulnerable to oxidative attack. Acid treatment creates denser surface acid sites that slow 
precipitation and agglomeration. 

3. PEG-functionalized nanofibers 

The presence of oxygen-containing groups on nanofibers after acid treatment provides rich 
chemistry for the attachment of functional groups to the surface of nanofibers. The simplest 
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Fig. 16. Rg derived from low q region as a function of time for acid-treated nanofibers 
PR19PS and PR19HT. 
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Fig. 17. G derived from low q region as a function of time for acid-treated nanofibers 
PR19PS and PR19HT. At a given concentration G is proportional to the molecular weight. 
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route to the dissolution of the nanofibers is to directly react an amine with the carboxylated 
nanofibers. A zwiterion is produced through a simple acid-base reaction. (Huang, Fernando 
et al. 2003) 
Through the acid-base zwitterion interaction, diamine-terminated oligomeric poly(ethylene 
glycol) (PEG) was reacted with the carboxylic acids, which are bound to nanofibers via acid 
treatment. This process yields a dark-colored homogeneous solution that is stable in water 
for months. The dispersion was characterized using light scattering. 
Figure 18 shows the light scattering profiles as a function of time for PEG-functionalized 
nanofibers (PR19HT) in water at a concentration of 5.0 × 10-6 g/ml.  The data were obtained 
in the batch mode with no circulation or sonication. The scattering curve does not change 
with time. No Rg (radius of gyration) can be extracted in limiting regime due to the absence 
of a crossover at low q. The slope near –1 in this regime indicates a rod-like character on 
large scales. The slope near –2 (P = 2) on a log-log plot around q = 0.003 Å -1 may arise from 
a hollow tube.  
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Fig. 18. Evolution of the light scattering profile of PEG-functionalized nanofibers (PR19HT) 
for four days following dispersion by sonication. The suspensions were sonicated at 10 W 
for five minutes before the observations began.  The measurements were taken in the batch 
mode, so the sample was undisturbed during the course of the experiment. 

Figure 19 compares the scattering profiles for PEG-functionlized, acid-treated and as-
purchased carbon nanofibers at 44h after sonication. Compared to PEG-functionalized 
sample, Guinier region at low q is observed for untreated and acid-treated nanofibers, 
indicating the presence of large-length-scale structures formed by the small-scale structures 
at high q. In untreated state, as described above, the suspension is quite unstable and fibers 
precipitate.  The large-scale objects we call agglomerates are observed immediately after 
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sonication. The Guinier prefactors G derived from low-q region using Beaucage’s Unified 
Model decrease abruptly right after sonication at fixed Rg, consistent with precipitation 
being dominant process. Such agglomeration is observed after 24 h for acid-treated case.  
After 44 h, the scattering curve of acid-treated sample approaches that of untreated fibers. 
The presence of oxygen-containing groups on the surface of nanofibers through acid 
treatment can not stop agglomeration and precipitation, but retard these processes. 
Solubility is a measure of an equilibrium between the dissolved phase and aggregated (or 
agglomerated) phase. A long solubilizing chain on the functionalities should be favorable to 
obtain soluble nanofibers. Compared to the acid-treated and untreated sample, which shows 
strong agglomeration and no rod-like behavior, PEG-functionalized nanofibers do not show 
any agglomeration over time. Attachment of water-soluble oligemeric PEG on nanofibers 
does shift the equilibrium towards the dissolved phase, preventing agglomeration. (Zhao & 
Schaefer 2008) 
In order to further understand the effect of the functionalization on the morphology, the 
data were analyzed by fitting with a simplified tube or rod form factor. The crossover length 
scale at high q between the two power-law regimes corresponds to the largest radius of the 
individual fibers or fiber aggregates. We argue below that the scattering objects are side-by-
side fiber aggregates or bundles. 
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Fig. 19. Comparison of the scattering profiles for PEG-functionalized, untreated and acid-
treated carbon nanofibers 44 hr after sonication. 
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The data do not fit with a rod form factor although they do follow a tube-like form factor 
reasonably well.  We fit the scattering curve of PEG-functionalized nanofibers at 72 h using 
a simplified tube form factor (Figure 20). The simplified tube form factor approximates an 
exact tube model but suppress the oscillations that are found for exact models.(Justice, 
Wang et al. 2007) The simplified tube model fits the data reasonably well except at 
intermediate q, where it seems to underestimate the size of the relevant size scale (tube 
outer radius). 
Based on the fit to the simplified tube form factor, one might naively conclude that 
dispersion is down to the level of individual tubes. However, the outer diameter of 0.47 μm 
(calculated from the radius of 2350 Ǻ) derived from the simplified tube model is 
substantially larger than the largest individual fibers seen in TEM. That is, scattering entities 
are not individual tubes, but side-by-side fiber bundles. A bundled structure also accounts 
for the deviation from the simplified tube form factor. Nevertheless, fitting with the 
simplified tube model implies that these fiber aggregates are rigid and isolated. Time-
evolution of dispersion behavior of PEG-nanofibers shows that fiber bundles remain well 
dispersed and do not form large-scale agglomerates over weeks.   
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Fig. 20. Light scattering data for PEG-functionalized nanofibers compared with the 
simplified tube model. 

4. Plasma-treated nanofibers 

Plasma polymerization has been an active area of research over the past decades. (van Ooij, 
Zhang et al. 1999) This technique has been used in surface and interface engineering for 
improving adhesion, hydrophobicity and hydrophilicity, corrosion resistance or for surface 
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etching. Low temperature plasma polymerization, a room temperature and environmentally 
benign process, can be used for surface modification and thin film deposition on almost all 
substances.  Deposition of ultrathin films on nanoparticles by plasma treatment has been 
achieved. (Shi, Lian et al. 2002; Shi, Lian et al. 2003) 
To enhance dispersion ability of carbon nanofibers in water, acrylic acid is selected as a 
monomer for plasma polymerization. (Shi, He et al. 2002)Bright-field and high-resolution 
TEM images of the plasma-coated nanofibers are shown in Figure 21. An ultrathin film 
amorphous layer can be clearly seen covering the surface of the carbon nanofibers. The thin 
film is uniform with a thickness of approximately 2-7 nm surrounding the entire nanofiber 
surface. In our experiment, carbon nanofibers are treated by plasma polymerization. Brief 
plasma treatment deposits a coating of highly crosslinked polymer on the fibers, which 
substantially improves their compatibility with water, and thus assists dispersion of carbon 
nanofibers.  
We measured dispersion efficiency of AA-plasma-treated nanofibers suspended in water 
and made a comparison with untreated nanofibers. Figure 22 shows the light scattering 
profiles as a function of time for acrylic acid (AA) plasma-treated nanofibers PR19HT in 
water at a concentration of 5.0 × 10-6 g/ml.  The data were obtained in the batch mode with 
no circulation or sonication. For untreated nanofibers, as described above, the overall 
intensity shows a nearly monotonic, gradual decrease consistent with precipitation being 
the dominant process.  After plasma treatment, the intensity at low q tends to drop abruptly 
with time. At 10 hr, the maximal decrease in the intensity is observed. After 10 hr, however, 
the intensity increases substantially, consistent with agglomeration.   
  

 
Fig. 21. TEM image of plasma-treated carbon nanofibers PR19LHT: The bars are 10 nm. An 
ultrathin film of acrylic acid was observed on the surface of the nanofibers. 
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 Time 5min 30min 1hr 2 hr 4hr 8hr 24hr 48 hr 96 hr 

Rg (μm) 13.1 8.8 5.5 4.3 2.3 2.2 2.3 4.3 13.1 
Low q 

P 1.58 1.43 1.39 1.22 1.21 1.20 1.20 1.47 1.70 

 G 70.78 31.13 14.52 7.68 3.48 1.92 2.90 10.35 36.40 

 106 B 70.31 3.26 4.41 21.87 13.81 10.84 15.50 1.47 17.06 

Rg (μm) 0.67 0.72 0.71 0.65 0.71 0.73 0.68 0.69 0.67 
High q 

P 1.93 2.07 1.90 1.97 1.97 1.90 1.95 1.94 2.10 

 G 0.73 0.55 0.58 0.37 0.48 0.58 0.42 0.43 0.32 

 108 B 6.58 1.14 11.34 5.69 5.67 29.6 5.55 4.92 1.64 

Table 4. Guinier radii and exponents as a function of time for plasma-treated carbon 
nanofibers. 
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Fig. 22. Evolution of the light scattering profile of plasma-treated nanofibers in water for four 
days following dispersion by sonication. The suspensions were sonicated at 10W for five 
minutes before the observations began.  The measurements were taken in the batch mode. 

The scattering curves consist of two power-law regimes and two Guinier regimes that define 
two “length scales”. Each Guinier regime is followed by a quasi power-law regime. The 
curves were fit using Beaucage’s Unified Model to extract Rg, the power-law exponents, P, 
and the Guinier prefactors, G, and power-law prefactor, B, associated with each length scale. 
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These parameters are displayed in Table 4 for the two structural levels. The high q data 
share similarity with that for the untreated sample. These data imply minimal change in 
morphology with time on length scales below ~1 μm.  
The decrease in the scattered intensity at low q up to 10 hours is pronounced and ascribed to 
precipitation. After 10 hr, however, the large-scale agglomerates gradually form. 
Figure 23 compares the scattering profile for plasma-treated and as-purchased carbon 
nanofibers PR19HT at 10 hr after sonication. Compared to the untreated sample, the 
intensity at low q (G) for the treated sample is much smaller, indicating small entities in the 
suspension. The extracted length scale Rg at 10 hr, 2.2 µm is consistent with much smaller 
agglomerates compared to the untreated case. After 10 hours there is evidence for 
agglomeration. Plasma treatment retards this agglomeration. 
Figures 24 and 25 show Rg and G derived from low-q region as a function of time for 
plasma-treated and untreated nanofibers. In both cases, G decreases during the first ten 
hours, consistent with precipitation.  After 10 h, G increases with time consistent with 
agglomeration (increased Rg) for the plasma-treated sample, whereas both Rg and G show 
minor change for the untreated sample.  Rgs extracted from the plasma-treated sample is 
considerably smaller than those in the untreated case, indicating improved dispersion.  
After plasma treatment, the carbon stays suspended much longer although all the fibers 
precipitate finally. The clusters are much easier to break up and more difficult to 
agglomerate. Plasma treatment improves compatibility with water, thus slowing 
agglomeration and precipitation. 
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Fig. 23. Comparison of the scattering profiles for untreated and plasma-treated carbon 
nanofibers 8 h after sonication. A substantial population of large-scale clusters is present 
only for the untreated sample. 
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Fig. 24. Rg derived from low q region as a function of time for untreated and plasma-treated 
nanofibers. 
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Fig. 25. G derived from low q as a function of time for untreated and plasma-treated 
nanofibers. At a given concentration region G is proportional to the molecular weight. 

5. Summary 

Dispersion of nanotubes in suspensions has been investigated using light scattering. 
Functionalization, plasma treatment and surfactants were used to assist dispersion. Improved 
dispersion in solutions was achieved. The main conclusions are summarized as follows. 
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We compare dispersion behavior of acid-treated and as-received carbon nanofibers 
suspended in water under quiescent conditions. Both samples show a hierarchical 
morphology consisting small-scale aggregates and large-scale agglomerates.  The aggregates 
could be side-by-side bundles of individual nanofibers or more complex structures.  In any 
case these objects agglomerate to form large-scale fractal clusters.  Acid treatment shifts the 
small-scale size distributions to smaller bundle sizes.  In the absence of surface treatment 
these bundles agglomerate immediately after sonication. In the acid-treated case, by 
contrast, it takes many hours for the agglomerates to form. Thus acid treatment assists 
dispersion primarily by retarding large-scale agglomeration not by suppressing small-scale 
aggregation. Post production processing affects dispersion. Acid-treated PR19PS shows 
slower agglomeration and precipitation than acid-treated PR19HT. 
Dispersion behavior of PEG-functionalied nanofibers suspended in water in a quiescent 
condition was investigated. Comparison with untreated and acid-treated carbon nanofibers 
show that PEG-functionalization completely prevents formation of large-scale agglomerates 
that consist of small scale side-by-side aggregates. The presence of PEG oligomer has little 
effect on the small-scale bundle size distributions. Prevention of agglomeration is the 
primary mechanism by which functionalization leads to solubilization of nanofibers.   
Nanofibers are plasma-treated using acrylic acid as a monomer. The plasma-treated 
nanofibers show greater tendency to suspend. The presence of COOH on the nanofibers 
could alter the surfaces of carbon nanofibers towards hydrophilicity, thus improving 
dispersion of nanofibers in water.  
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functional properties and potential device applications of nanofibers in specialized areas. We hope that this

book will prove to be timely and thought provoking and will serve as a valuable reference for researchers

working in different areas of nanofibers. Special thanks goes to the authors for their valuable contributions.
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