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A B S T R A C T

Carbon black (CB) suspension exhibits various structures depending on the properties of solvent and dispersant as well as the preparation process of suspension. In
most cases, CB particles do not exist as independent nanoparticles but as aggregates or agglomerates. In order to evaluate the size distribution at different level of
hierarchal structure, we carried out static/dynamic ultrasound scattering analysis for the CB suspensions in alcohol and/or water with or without Nafion, a per-
fluorinated polymer. The potential of the dynamic ultrasound scattering technique was demonstrated by discriminating diffusing nanoparticles and micron-sized
aggregates/agglomerates without dilution of the sample. Particularly, suppression of large agglomerates by addition of Nafion was clearly observed. Phosphotungstic
acid (PWA), a family of polyoxometalate, was also employed to obtain smaller unit structures of the CB particles without formation of aggregation after decom-
position of CB. The possible structures of the CB/PWA suspensions with and without Nafion were also discussed.

1. Introduction

Carbon black (CB) is widely used as black pigment [1], reinforcing
agent [2], and platinum-catalyst supports for fuel cell [3]. It is obtained
by pyrolysis of hydrocarbon [4], graphitization of polypyrrole nano-
particles during carbonization [5], or electrolysis in molten alkali ha-
lide salts [6]. Polyoxometalates are known as an effective stabilizer to
obtain nano-sized carbon particles from large carbon aggregates by
decomposition under sonication [7]. In general, the CB suspension is
prepared by dispersing CB in a polar solvent, such as water, alcohol, or
their mixture, with an appropriate surfactant or a polymer dispersant.
Surface modification was also attempted to improve the dispersibility of
carbon black particles at desired pH [8–10]. Since the performance of
the product, e.g., the electro-conductivity or mechanical properties, is
considered to be dependent on the hierarchal structures of carbon-black
particles [11,12], developing techniques to evaluate the structures and
properties without dilution or drying is highly demanded.

The primary size of carbon-black particle in suspension ranges from
several tens of nanometers to several hundreds of nanometers. Studies
by transmission electron microscopy with high resolution revealed that
the internal structure of carbon particles consisted of bent subunits or
single bent graphene layers depending on the processing method [13].
A concentric structure of graphene layers inside the particle is com-
posed of assembly of hexagonal, pentagonal, and heptagonal rings, in
which the pentagonal and heptagonal rings are respectively responsible
for the positive and negative curvatures of the graphitic flakes [14].

These primary particles are developed to form aggregates [15], or
weakly-bonded agglomerates in suspensions [16].

In order to control the quality of the product, as mentioned above, it
is crucial to understand the size distribution of primary particle, ag-
gregation and its agglomerate in suspension. It should be noted that the
measurement must be carried out in-situ without dilution or drying
because the structures of particles could be different from those of
original suspension once it is diluted. At this point, dynamic techniques
are good candidates to provide particle size distribution as well as the
interactions between particles in liquid. Zeta potential is also employed
to evaluate the surface charge of particle [17]. Compared to the static
techniques providing visual images or time-averaged spectra, such as
electron microscope, x-ray and neutron scattering methods, dynamic
measurements offer rich information on the particle environment via
the time-dependence of the particle position. For example, the time-
correlation function approach allows us to distinguish different particle
dynamics, e.g., thermal fluctuations of nano-particles (random motion),
electrophoretic motion of charged particles, sedimentation of large
aggregates or agglomerates (ballistic motion). While the dynamic light
scattering (DLS), diffusing wave spectroscopy (DWS) and low-co-
herence DLS method could be an effective tool to investigate suspen-
sions, optically non-transparent suspensions such as carbon black inks
must be more or less diluted to allow transmission of light source.

So far, we have developed a novel ultrasound technique called high-
frequency dynamic ultrasound scattering (DSS) [18]. The technique is
an acoustic analog of DLS, which can be used to investigate the particle
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motion in liquid [19]. Although the wavelength of ultrasound is rela-
tively long compared to visible light, particle sizing down to several
tens of nanometers using 30MHz longitudinal ultrasound has recently
achieved [20]. The phase-mode DSS technique also allows us to vi-
sualize the spatiotemporal information on the particle motion [21,22].
All these techniques are useful to investigate the particle suspension
accompanying small and large aggregates. The frequency-domain dy-
namic ultrasound scattering (FD-DSS) technique revealed that the dy-
namics of aqueous suspension of submicron silica particles accom-
panied hydrodynamic velocity fluctuations in addition to Brownian
motion. Since the mean-squared displacement evaluated by the FD-DSS
technique showed different time-dependence [20,23], the technique
could be employed to discriminate the primary particles, secondary
aggregates, and ternary agglomerate of carbon-black particles in sus-
pension without dilution of the sample. In this study, we demonstrate
the potential of the FD-DSS technique by showing the dynamics of
carbon black suspension with or without Nafion, a perfluorinated
polymer dispersant.

2. Experimental procedure

50% compressed acetylene carbon black (CB) was purchased from
Sterm Chemical (USA). The CB particles were dispersed in a solvent
with or without Nafion as a dispersant under sonication. Two types of
Nafion solutions, DE521 and DE1021, were purchased from Wako
Chemical, JAPAN. For DE521, Nafion was dissolved in a mixed solvent
to form the mixture of Nafion: water: 1-propanol with the ratio 5: 45:
50. DE1021 is an aqueous solution containing 10% of Nafion without

alcohol. Hereafter, the suspension of CB particles dispersed in DE521 is
regarded as an alcohol-rich system, while those in DE1021 can be
considered as a water-rich system. The CB concentration was varied in
range 0.3–1.0 wt%.

The density of particles was determined by the density matching
method with calibrated aqueous solutions of sodium polytungstate, SPT
(3Na2WO4·9WO3·H2O). The density of the SPT solution was calibrated
using a 25mL Gay-Lussac pycnometer prior to the density matching
experiments. The density of carbon black was determined to be 1.84 (g/
cm3), which is closer to the values reported in literatures [24,25].

Field-Emission Scanning Electron Microscope (FE-SEM; JEOL JSM-
7600F) images were taken to verify the particle size and its distribution.
The obtained bitmap images were recorded with 2560×1920 pixels
containing about 10 particles in each picture, followed by the calcula-
tion of the diameter.

A water-immersion longitudinal wave transducer having a nominal
central frequency of 30MHz (30K1I, KGK Japan) was employed in the
dynamic ultrasound scattering experiments. Typical waveform ampli-
tude was 1 V peak-to-peak with the 0.4 μs pulse duration. The standard
deviation of the white noise level was found to be 140 μV. The main
frequency was found to be 32MHz after calibration of the transducer by
the method provided in the previous paper [26]. The corresponding
wavelength in water is about 50 μm. The energy of pulser as well as the
pulse repetition frequency was kept as low as possible to avoid un-
expected flow induced by excess ultrasound energy (or acoustic radia-
tion force) [27]. The transducer and the cell container were carefully
aligned using a custom-made stainless stage coupled with rotational (α,
β and γ) and translational (x, y, z) stages prior to the back scattering

Fig. 1. Schematic representations of (a) the sample cell and the waveform. (b) The time evolution of the scattered field profile and (c) the experimental setup along
the direction of sedimentation (Z-Setup) and perpendicular to sedimentation (Y-Setup).
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experiments in order to avoid the signal loss originated from mis-
alignment with respect to the cell wall where α, β and γ were the axially
tilting angle in the yz, zx, and xy planes, respectively. Disposable
polystyrene rectangular vessels with the dimension 10× 10×40mm3

and the wall thickness 1mm were used as the sample cells. The signal
was recorded by a 14-bit high-speed digitizer, GaGe CS-14200, with the
sampling rate 200 Mega samples/s. All the digital devices were syn-
chronized with a 10MHz reference clock to avoid phase jittering. The
sample was set in a homemade thermostat bath regulated at
25 ± 0.01 °C.

3. Ultrasound scattering analysis

When an ultrasound pulse wave generated by a negative spike
pulser equipped with an ultrasonic transducer is irradiated onto the
sample cell containing a particle suspension, one observes, as a re-
sponse, four reflected echoes from the cell walls. The horizontal (Y)
experimental setup and the corresponding waveform were represented
in Fig. 1(a) where t denotes the pulse propagation time. For particle
suspensions, one may observe scattering signals between the two
sample cell walls. Such scattering signals are repetitively (typically
20,000 times) recorded at a constant time interval (the time repetition
time, ΔT, typically 50–300ms) of during the particle motion. The time-
evolution of the scattering pulse field is schematically illustrated in
Fig. 1(b). The instantaneous velocity or the diffusion coefficient is
evaluated from the observation time T dependence of the scattered
amplitude or the corresponding intensity at a depth inside the cell. In
this back scattering geometry, the direction of the scattering wave
vector coincides with the pulse propagation direction so that the ul-
trasound scattering experiments with the Y - setup provide information
on the horizontal fluctuation of the particle motion. On the other hand,
when an ultrasound pulse impinges along the vertical (Z) direction as
shown in Fig. 1(c), the particle motion along the sedimentation direc-
tion is observed. In this vertical setup, the vertical component of the

fluctuation 〈 〉δV Tz
2

1
2 as well as the non-zero component of the average

sedimentation velocity 〈 〉V t( ) Tz can be detected where the bracket in-
dicate the observation time average, and the instantaneous velocity is
denoted by = 〈 〉 +V t T V t δV t T( , ) ( ) ( , )Tz z z as a function of the ob-
servation time, T, at a fixed propagation time window, t. Note that the
above Y - setup probes the dynamics perpendicular to the sedimentation

direction. Therefore, the horizontal fluctuation component 〈 〉δV Ty
2

1
2 is

solely obtained without contribution from the average velocity. The
pulse propagation time t can be converted into the depth inside the cell
y= ct/2 by evaluating the product of sound velocity c and round-trip
propagation time t/2.

Besides the time-domain dynamic ultrasound scattering (TD-DSS)
technique, the frequency-domain dynamic ultrasound scattering (FD-
DSS) technique gives better insight about the length-scale dependent
dynamics [20,26]. Briefly, FD-DSS analysis is performed by taking
Fourier transformation of the scattered pulse field in order to decom-
pose the signal into individual frequency components, followed by
evaluation of the time-correlation function of the temporal amplitude at
a fixed frequency, f. After carrying out similar analysis for all the fre-
quencies, the decay curve with different frequency contributions could
be obtained. The 30K1I-broadband transducer covers the frequency
range from 27MHz to 32MHz. In our previous study, we showed that
the particle motion associated with the short-range Brownian motion
was detected at relatively high frequency, while from the low frequency
regime, the dynamics accompanying long-range hydrodynamic inter-
actions associated with the sedimentation velocity fluctuation was ob-
served [23]. Such information is inaccessible by the conventional TD-
DSS. In this study, the FD-DSS technique will be employed to explore
the particle motion of the carbon black suspensions.

Ultrasonic spectroscopy was employed to investigate the rigidity of
aggregates, and to ensure the discussion of particle sizing. The

attenuation coefficient and the phase velocity were analyzed using the
relations,
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where L is the sample size, A is the amplitude and θ is the phase of the
transmitted pulse,“sam” and “ref” respectively refer to the sample and
reference. Evaluation of the appropriate number of m, is described
elsewhere [28]. The transmission loss due to mismatch of the acoustic
impedance between the sample and the cell wall is negligibly small for
our case. The theoretical values of α and c for particle suspensions were
calculated using the real and imaginary part of the effective wave-
number k given by,
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The single particle scattering function F(Θ) at the angle Θ, and the
effective wavenumber are related by the dispersion relation [29–31].
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was employed in order to reproduce the acoustic properties at finite
concentrations where Nj(dj) is the number concentration of particle
with the diameter dj for the jth particle, k0 is the complex wavenumber
for the reference given by
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The method to evaluate the F(Θ) is described in the previous paper
[32]. In this paper, the scattering function theory proposed by Epstein-
Carhart-Allegra-Hawley (so called the ECAH theory [33–36]) without
the thermal contribution was employed.

4. Results and discussions

First, we carried out the DSS analysis of the CB suspensions in the
absence of Nafion to investigate the size distribution of CB without any
dispersant. Fig. 2(a) shows a two-dimensional image of the scattering
intensity obtained for the water-rich CB suspensions at 0.3 wt% without
Nafion where the left and bottom axes respectively indicate the pulse
propagation time, t, and observation time, T. Since ultrasound pulse
was irradiated along the vertical (Z-) direction in this experiment, the
depth profile of the particle motion can be acquired as a function of T.
The noticeable scatterers, presumably originated from the large ag-
glomerates, were found during observation, then, slowly passed
through the scattering volume. Similar large scatterers were also found
in the data acquired from 10 different runs as demonstrated in
Fig. 1(c)–(e). Since the pulse propagation time, t, multiplied by the
sound speed of suspension, c, can be converted into the corresponding
round-trip distance, 2z, the sedimentation velocity of the slowly settling
object is estimated by the z-T slope of the image. From the settling
velocity, the size of the settling object could be determined using the
relation,

〈 〉 = − = −V V ϕ
a ρg

η
ϕ(1 )

2 Δ
9

(1 ) ,T
ν ν

z 0

2

(6)

where 〈Vz〉T is the average velocity of the settling object, ϕ is the total
volume fraction of the CB particle, a is the particle radius, Δρ=0.84
(g/cm3) is the density difference between the CB particles and water, g
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is gravitational acceleration, η=0.892 (mPa·S) is the viscosity of water,
and ν is the appropriate exponent for the Richardson-Zaki law [37].
Typical particle radius obtained by the analysis was 0.4–2 μm. The
correlation function approach also gives information on the dynamics
of particles. For example, as indicated by the solid square A in Fig. 2(a),
the field time-correlation function, g(1)(τ), can be constructed from the
region of interest. An example of the correlation function extracted at
29.7 MHz is depicted in Fig. 2(b). The time-correlation function, which
probes the dynamics along the sedimentation direction Z, involves a
sinusoidal oscillation with an exponential decay. The oscillation and the
decay respectively give the average settling velocity and the standard
deviation (velocity fluctuations). The correlation function may be ex-
pressed by [38],

= 〈 〉 ⎛
⎝

− 〈 〉 ⎞
⎠

g τ q V τ q δV τ( ) cos( ) exp 1
2T Tz

(1)
z

2
z
2 2

(7)

By fitting the data to above equation, the average sedimentation

velocity 〈Vz〉T and its standard deviation (velocity fluctuation) 〈 〉δV Tz
2

1
2

are respectively evaluated to be 5.7×10−4 (mm/s), and
8.0×10−5 (mm/s), which gives average particle radius of 503 nm. The
correlation function was evaluated from relatively homogeneous area
in the image. Nevertheless, the size of scatterer was found to be in
submicron regime. From the analysis, it was found that the aqueous
suspension without Nafion was fairly heterogeneous containing large
aggregates or agglomerates. Note that, compared to the slowly falling
(strong intensity) object found in Fig. 2(a), the submicron/micron-sized

particle evaluated by the correlation function showed weaker scattered
intensity and smaller velocity. Hereafter, we call the strong intensity
object found in the Fig. 2(a) as ternary agglomerate, and the sub-
micron/micron-sized object evaluated by the correlation function from
the homogenous area (solid square A) as secondary aggregates. In this
image, no primary nanoparticle was found, and they tended to form
aggregates.

As described above, the Y-setup (perpendicular to sedimentation)
allows us to solely investigate the velocity fluctuation of the CB sus-
pension without average sedimentation component, i.e., the time-cor-
relation function decays exponentially without sinusoidal oscillation.
This is particularly useful to discriminate the type of fluctuation from
the time exponent of the mean square displacement 〈 〉 ∼r τn2 (e.g.,
thermal diffusion of nanoparticle is 〈 〉 = ∼r Dτ τ22 1, and micron-particle
sedimentation accompanying strong hydrodynamic fluctuations is
〈 〉 = 〈 〉 ∼r δV τ τ2

y
2 2 2). Fig. 3(a) shows the time-correlation function ob-

tained for the 0.3 wt% CB aqueous suspension without Nafion observed
from the Y-setup. The double logarithmic plot of lng(1)(t) indicated that
sedimentation accompanying the velocity fluctuations (n=2) as shown
in the inset of Fig. 3(a). The correlation function for micron-sized ob-
jects observed by the Y-setup may be expressed by,
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The curve fitting with the equation gave the standard deviation of
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Fig. 2. (a), (c)–(e) examples of two-dimensional image of the scattered intensity obtained for the water-rich CB suspensions at 0.3 wt% without Nafion. (b) An
example of the correlation function extracted from the solid square region A in the image (a).
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the velocity 〈 〉δV Ty
2

1
2 =3.74×10−4 (mm/s). According to the theory of

velocity fluctuations [38–42], 〈 〉δV Ty
2

1
2 may be given by,

〈 〉 =δV C V
ϕL
aTy

2
y 0

1
2

(9)

where Cy is a proportional constant, L is the smallest cell dimension.
Although the equation indicates that the particle sizing is possible with
known parameters, we will not explore the analysis further since the
constant Cy for the CB particle is unknown here. But as for trial analysis,
Cy= 0.1 gave a=755 nm. When the sample is aged for 3 h, the larger
aggregates settled down and the smaller particles remained in super-
natant of the sample. As shown in Fig. 3(b), the relaxation time became
longer. Although the larger particles were disappeared from the scat-
tering volume, the time exponent n of the correlation function was 1.5
(not unity). This indicates that the particles dynamics is still dominated
by non-Brownian motion, which is characteristic for submicron to mi-
cron-sized objects [20]. By fitting the data to a cross-over model

function with the two adjustable parameters D and 〈 〉δV Ty
2

1
2 proposed in

the paper,

= − ⎛
⎝

− 〈 〉 ⎞
⎠

g τ Dq τ q δV τ( ) exp( ) exp 1
2

,Ty
(1) 2 2

y
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which takes both diffusive and sedimentation modes into account, one
obtains the diffusion coefficient, D. D can be further converted to the
hydrodynamic radius via so-called the Stokes-Einstein relation,

=D T
πηa

k
6

B

(11)

As the results, the average particle radius was evaluated to be
544 nm for the CB suspension after 3 h. This is consistent with the Z-
setup result obtained using Eq. (7). Because of the crossover behavior
originated from the diffusion and sedimentation terms in Eq. (10), the
apparent exponent n for submicron particles can vary between 1 and 2
at the frequency accessible by the broadband transducer. Note that, for
the submicron-sized particles, the particle size appeared in Eq. (11) can
be solely determined by the diffusive part of Eq. (10) without priori
information about Cy (the sedimentation part). If necessary, Cy can be
further determined using Eq. (9) once D is estimated.

Fig. 4 shows the image profile of the scattered intensity obtained for
the aqueous suspension of the CB particles in the presence of Nafion.
Compared to the above aqueous suspension without Nafion, the image
is fairly homogenous, and no large scatterer was found. The condition
of the suspension was fairly stable over a long time period (at least 3 h).
The double logarithmic plot of lng(1)(τ) now indicated that the

dynamics was governed by Brownian motion ∼ 〈 〉 ∼g τ r τ(ln ( ) )(1) 2 1 .
The average particle radius was determined to be 344 nm by diffusive
mode calculation,

= −g t τ Dq τ( , ) exp( )y
(1) 2

(12)

This fact suggests that the Nafion is an effective dispersant for the
CB suspension and suppresses the formation of large agglomerates.

So far, the effect of Nafion on the dispersibility of the CB suspension
was studied for the CB suspensions. Similar experiments were carried
out for a series of alcohol-rich suspensions. The results are summarized
in Table 1. From the scattered intensity image, we found that there
were extraordinarily large agglomerates passing through the scattering
volume in the absence of Nafion (Fig. 2). The time-correlation function
allowed us to evaluate the size of particles in homogeneous area of the
image. As the results, noticeable submicron/micron-sized aggregates
were found. On the contrary, from Fig. 4, Nafion was found to be an
effective dispersant to suppress the formation of large agglomerate.
Although complete settling of micron-sized aggregates was confirmed
and the supernatant solution was analyzed, the size of Brownian par-
ticle was still 344 nm, which must be an assembly of small primary
nanoparticles. In contrast to the case of the water-rich CB suspensions,
the alcohol rich suspension showed a broader size distribution even in
the presence of Nafion. On the other hand, it was found that the al-
cohol-rich suspension contained a smaller structure of CB. But, the
particle radius was still in the submicron regime.

Therefore, we attempted to find primary nanoparticles in aqueous
suspension with an aid of phosphotungustic acid (PWA), a superacid, as
a stabilizer. Since PWA has a unique effect to stabilize the surface of CB
by attaching the large anion to the surface, the large CB aggregates are
expected to fragment into smaller pieces and finally reach nanometer-
size [7]. Prescribed amount of CB was mixed with a 10mM aqueous
solution of PWA to obtain 1 wt% CB solution, followed by sonication for
3 h. The remaining large aggregates were centrifuged, and the super-
natant solution was investigated as the sample. After the experiments,
the CB concentration was determined to be 0.1 wt%. Fig. 5 shows the
time-correlation function of the CB suspension prepared by decom-
position of CB powder with PWA. As shown in the figure, the time-
correlation function showed the pure diffusion mode, and the size of the
particle was evaluated to be 31.4 nm.

As shown above, the CB particles easily form large agglomerates in
the absence of Nafion, and they were observed at the onset of sedi-
mentation. On the other hand, Nafion and/or PWA have a role to
suppress formation of large agglomerates. The evaluated particle dia-
meter became fairly small compared to the CB suspension without
Nafion. Fig. 6 shows the average particle diameter, d, obtained for the

Fig. 3. (a) The time-correlation function obtained for the 0.3 wt% CB aqueous suspension without Nafion observed from the horizontal (Y-) direction. The inset shows
the double logarithmic plot of −lng(1)(τ). (b) The time-correlation function after 3 h.
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CB/PWA suspension as a function of the CB concentration. The open
and close circles respectively show the data obtained for the suspension
with and without Nafion. For the micron-sized particles, the diameter
was evaluated by the vertical setup with Eq. (7). As the particle size
becomes smaller, undershooting of the correlation function (contribu-
tion from the cosine term) is less prominent, leading to uncertainty of
evaluation of the sedimentation velocity. Therefore, the horizontal
setup was also employed to evaluate the particle size from the time-
correlation function consisting of both the sedimentation and diffusion

terms, i.e., from crossover fitting with Eq. (10). Note that, in general,
the vertical and horizontal analysis give the equivalent result. From the
FD-DSS analysis, it was found that the d obtained for the CB/PWA
suspension exhibited similar CB concentration dependence irrespective
of the presence of Nafion.

Localization of the dispersant at the surface of CB particle is an
important subject to characterize the CB suspensions. Subsequently, we
carried out ultrasonic spectroscopy (US) analysis to understand the
structure of CB particles in suspension. In our previous paper, we
showed that US was a useful technique to determine the particle size as
well as the elasticity of individual particle dispersed in liquid without
dilution of the sample [18,32,43–45]. The technique was employed to
examine the structure of the CB particles in-situ. Fig. 7(a) and (b) re-
spectively show the attenuation coefficient α and the phase velocity c
obtained for the CB/PWA suspension without Nafion. Owing to the
presence of PWA, no agglomerate was found in spite of the absence of
Nafion. Increase in α and c with the CB concentration was observed
regardless of the frequency range studied here. The solid lines indicate
the theoretical prediction reproduced by the scattering function theory
combined with the dispersion relation. Since the thermal contribution
was expected to be sufficiently weak, the scattering matrix was calcu-
lated by the four equations in terms of the radial pressure, radial dis-
placement, tangential pressure and tangential displacement, so called
the ECAH44 model [32]. In order to ensure the discussion based on the
US spectra, it is preferable to minimize the adjustable parameters. To
evaluate the plausible particle size distribution, its average value was
taken from the FD-DSS data, and was fixed throughout the US analysis.

Fig. 4. The image profile of the scattered intensity obtained for the aqueous suspension of CB particle in the presence of Nafion. (b) The corresponding time
correlation function.

Table 1
Summary of the particle size evaluated by the FD-DSS technique.

Sample Polymer
dispersant

Particle radius

Primary
particlea

Aggregatea Agglomerateb

Water-rich N.A. 503 nm
(544 nm)

0.4–2 μm

Nafion 344 nm

Alcohol-rich N.A. 220 nm 1.5–2.15 μm
Nafion 215 nm 711 nm

PWA aq. Nafion 31.4 nm

a Determined from the time-correlation function obtained for the super-
natant solution.

b Determined from the intensity map or time-correlation function of the
original suspension.

Fig. 5. The time-correlation function of the CB suspension prepared by de-
composition of CB power in the presence of PWA under sonication.

Fig. 6. CB concentration dependence of size of aggregation in suspension in the
presence and absence of Nafion.
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For a suspension having aggregates and/or agglomerates, the average
size of the individual structure was employed as the peak location as
well. (the arrows in Figure (c)–(f)). Then, the adjustable parameters are
the width and the height of the peaks in the analysis. The evaluated size
distributions are shown in Fig. 7(c)–(f). The details of the calculation
will be explained later.

Fig. 8(a) and (b) respectively show the attenuation coefficient α and
the phase velocity c obtained for the CB/PWA suspension with Nafion.
In contrast to the CB/PWA suspension, the CB/PWA/Nafion suspension
exhibited different CB concentration dependence in terms of c. The
theoretical interpretation of the results represented by the solid lines
will be given below.

Before describing the detail of analysis, let us show the CB con-
centration dependence of α at a fixed frequency, 30MHz, in Fig. 9(a).
First, α obtained for the CB/PWA/Nafion suspension (open circles) was
larger than that without Nafion (closed circles). This is mainly due to
the intrinsic absorption of Nafion. However, α obtained for the CB/PWA
suspension showed stronger CB concentration dependence than the CB/
PWA/Nafion suspension as realized from the difference of the at-
tenuation coefficient between the CB suspension and the reference so-
lution as shown in the inset. This suggests that growth of rigid ag-
gregates is more prominent for the CB/PWA suspension without Nafion
than the CB/PWA/Nafion suspension, and the actual cluster size for the
latter may be smaller. As shown in Fig. 6, the average particle size
evaluated by the FD-DSS method was almost the same, or even larger
for the suspension with Nafion. Therefore, it would be interesting to
reconsider the physical meaning of the results obtained by the FD-DSS
and US techniques.

Fig. 9(b) shows the CB concentration dependence of c obtained for
the CB/PWA suspension with and without Nafion at 30MHz. In contrast
to α, the CB concentration dependence of c obtained for the CB/PWA
suspension without Nafion was different from that with Nafion. For the
CB/PWA suspension, c increased with the CB concentration, and be-
came closer to the value of PWA aqueous solution
(cPWAaq= 1.47813mm/μs) and distilled water (cwater= 1.49673mm/

μs). In general, as solid scatterers are present in the system, the fre-
quency dependence of c would shift to the lower frequency with in-
creasing the particle size, and to the higher frequency with increasing
the elasticity of particle. And also, the larger and softer particles exhibit
the smaller c at a fixed frequency and fixed volume fraction. From the
FD-DSS results of Fig. 6, it was found that increase in the CB con-
centration led to formation of larger aggregates. Therefore, increase in c
for the CB/PWA suspension cannot be explained by the decrease in the
particle size. In addition, elasticity of the aggregates would be the same,
or even softer as weakly bonded agglomerates are formed. If this is the
case, c could decrease with the CB concentration. Thus, changes in the
particle size and the elasticity could not be responsible for the increase
in c. From all considerations, we propose here that the increase in c is
due to change in the property of surround liquid. For example, if PWA is
attracted at the surface of CB, the effective concentration of PWA in
aqueous phase will decrease with the CB concentration. Similar finding
was reported previously [7]. This would explain the increase in c with
the CB concentration for the CB/PWA suspension.

The problem of the US analysis is the number of adjustable para-
meters in the analysis. In this particular case, the longitudinal velocity
for liquid phase, cL1, the longitudinal velocity for particle, cL2, the shear
velocity of particle, cS2, and the particle size distribution are unknown
variables, which dominate the US spectra. Note that the density was
determined by an independent experiment prior to the US analysis, and
it was found to be ρ=1.84 (g/cm3). Other parameters obtained by the
analysis are listed in Table 2. As described above, increase in c for the
CB/PWA suspension is mainly ascribed to the change in the long-
itudinal velocity of the surrounding liquid. Therefore, the vertical shift
of c was adjusted by changing cL1 first, followed by estimation of cL2
and cS2 to obtain the best-fit results. Note that we have difficulty to
simultaneously determine cL2 and cS2 because the fitting is insensitive to
these parameters. Therefore, these results contain uncertainty to con-
clude the quantitative elastic parameters of the CB aggregates.

Similar analysis was performed for the CB/PWA suspension in the
presence of Nafion as shown in Fig. 8. However, no relevant parameter

Fig. 7. Frequency dependence of (a) the attenuation coefficient and (b) phase velocity obtained for the CB/PWA suspension with different particle concentrations.
Particle size distribution evaluated by the US analysis for the CB concentration (c) 0.1, (d) 0.3, (e) 0.5, and (f) 1 wt%.
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was found as the longitudinal and shear velocity of the CB particle in
the CB/PWA/Nafion suspensions using the particle size distribution
evaluated by the FD-DSS data. Therefore, the peak position was also
changed to fit the experimental data. As the result, it was found that the
particle size evaluated by the US analysis was smaller than that ob-
tained by the FD-DSS analysis. From the FD-DSS method, the hydro-
dynamic radius can be evaluated via the time-dependence of particle
motion, whereas the US method givens information on the elastic
properties of particle by probing the propagation of the acoustic waves
with a mechanical contrast. Therefore, in the US technique, unless the
clusters are sufficiently bonded to allow propagation of the displace-
ment, the individual small particles rather than the assembly of parti-
cles could be observed. On the other hand, the FD-DSS technique probes
the effective diameter of large CB/Nafion clusters. Although it was not

shown here, the hydrodynamic radius significantly increased with the
Nafion concentration. Since it is difficult to envisage that Nafion leads
to formation of large agglomerates, this also supports the FD-DSS

Fig. 8. Frequency dependence of (a) the attenuation coefficient and (b) phase velocity obtained for the CB/PWA/Nafion suspension with different particle con-
centrations. Particle size distribution evaluated by the US analysis for the CB concentration (c) 0.1, (d) 0.3, (e) 0.5, and (f) 1 wt%.

Fig. 9. CB concentration dependence of (a) the attenuation coefficient and (b) phase velocity obtained for the CB/PWA and CB/PWA/Nafion suspensions with
different particle concentrations. The inset in Figure (a) shows the excess absorption, Δα obtained for the CB/PWA suspensions with and without Nafion.

Table 2
The results of the US analysis for the CB/PWA suspensions without Nafion.

CB concentration (wt
%)

cL1 (mm/μs) cL2
(mm/
μs)

cS2
(mm/
μs)

α2/f 2 (s2/m) ρ (g/
cm3)

CB/PWA 0.1 1.47940 2.2 1.25 2× 10−12 1.84
0.3 1.47955 2.2 1.15 2× 10−12 1.84
0.5 1.47980 2.2 0.95 2× 10−12 1.84
1.0 1.47985 2.2 0.95 2× 10−12 1.84
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results providing the larger particle size. In Fig. 9(a), we showed that
the attenuation coefficient exhibited the weaker CB concentration de-
pendence. This also suggests that coalesce of the CB aggregates is less
prominent for the CB/PWA/Nafion system, and the actual particle size
would be smaller than hydrodynamic radius evaluated by the FD-DSS
technique.

From Fig. 9(b), we observed decrease in the phase velocity of the
CB/PWA suspensions. This could be explained by the increase in the
size of the scatterers as straightforward. On the contrary, c could de-
crease with decreasing the stiffness of the cluster. However, d was
smaller than 1.5 μm for all the CB concentrations. In addition, with
increasing the CB concentration, c obtained for the CB/PWA/Nafion
suspension deviated from those of aqueous solution of PWA/Nafion.
Since they also deviated from those of PWA aqueous solution and dis-
tilled water, localization of the Nafion on the surface of the CB particles
unlikely occurred. As described above, increase in the cluster size could
lead to decrease in c. Therefore, it is suggested that as a possible
structural model for the CB/PWA/Nafion system, Nafion could be dis-
persed homogenously in the suspension to prevent formation of large
aggregates and agglomerates, and the CB/PWA clusters could disperse
with Nafion as a binder.

The evaluated particle size was depicted in Fig. 8(c)–(f) by the da-
shed lines and Fig. 6 as the triangle markers. The other parameters
determined by the analysis are shown in Table 3. In contrast to the case
of the CB/PWA suspensions without Nafion, the longitudinal velocity of
the surrounding liquid, cL1= 1.47703mm/μs, was found to be con-
stant. While we tried to find a possibility to vary cL1 with the CB con-
centration, the fitted parameter rather decreased with the CB con-
centration, which was obviously unphysical since cL1= 1.4813mm/μs
for the pure aqueous solution of PWA was larger than that for the CB/
PWA with Nafion. Therefore, cL1= 1.47703mm/μs was fixed
throughout the US analysis of CB/PWA/Nafion.

In this study, we showed that the frequency-domain dynamic ul-
trasound scattering technique (FD-DSS) could be a promising tool to
investigate the dynamics as well as the particle size having hierarchal
structures of carbon black. In other words, evaluation of the suspension
containing primary nanoparticles, secondary aggregates, and ternary
agglomerates is possible. On the other hand, we did not evaluate the
aspect ratio [46] which was also very important characteristics of CB
aggregates and agglomerates. Although, at present, the FD-DSS analysis
offers only the equivalent spherical radius (hydrodynamic radius), an
elaborate scattering function analysis would allow us to carry out more
detailed evaluation of the structures in the future.

5. Conclusions

The frequency-domain dynamic ultrasound scattering method (FD-
DSS) is a promising technique to analyze the motion and the size of
particles in suspension in range several tens of nanometers to several
hundreds of micrometers. The striking advantage is that FD-DSS en-
ables us to distinguish the type of particle motions, such as Brownian
motion of nanoparticles and sedimentation of large aggregates. In this
study, the technique was utilized to observe primary particle, secondary
aggregate and ternary agglomerate of carbon black (CB) particles.
Nafion was found to be an effective dispersant to suppress formation of

large agglomerates, as can be seen from the intensity-field image of
ultrasound scattering. Alcohol-rich system showed better character-
istics in terms of the size of aggregates, but most of the particle size
remained in the submicron regime. Nafion also works as a good dis-
persant in water rich system although the particle size was not so small
as the alcohol-rich system. Despite the effort to obtain well-dispersed
CB suspension both in alcohol and water with Nafion under sonication,
the particles sizes were still in the submicron regime. Then, phospho-
tungstic acid was employed to obtain the CB nanoparticles. As the re-
sults, the CB particles with ca. 30 nm could be obtained by the dynamic
ultrasound scattering technique. The possible structures of CB/PWA
and CB/PWA/Nafion suspensions were discussed. For the CB/PWA
suspension, thanks to the presence of Nafion, there was almost no ag-
glomerate in the system. With increasing the CB concentration, the size
of the CB aggregates increased. From the combinatorial analysis of the
FD-DSS and the US technique, it was suggested that PWA was localized
at the surface of the CB particles. On the contrary, the CB/PWA/Nafion
suspension has better dispersibility in terms of suppression of formation
of the CB aggregates. Nafion could be localized at the surface of the CB
particle, but this was not the case for our CB/PWA/Nafion suspensions
since PWA also played an effective role to stabilize the suspension. It
was concluded that the ultrasonic scattering techniques could be very
useful to evaluate the rigidity, the structure as well as the particle size
ranging from nanometer to micrometer in suspension, which was dif-
ficult to be observed by conventional optical techniques.
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