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A B S T R A C T

Ultrasound attenuation coefficient and phase velocity of moderately concentrated suspensions of charged silica
particles were measured as a function of frequency. The attenuation coefficients were found to be significantly
smaller than the theoretical prediction, and such a difference did not appear in the neutral particle suspensions
under the corresponding concentrations. In this study, we have investigated the acoustic spectra of silica par-
ticles with different particle sizes, concentrations as well as salt concentrations. It was revealed that the no-
ticeable deviation from the theoretical estimation only appeared in the case of large particle sizes close to the
wavelength of ultrasound, and could be circumvented by addition of small amount of salt to suppress the
electrostatic interactions of the charged silica particles.

1. Introduction

Ultrasonic spectroscopy (US) is a useful tool to determine the vis-
coelasticity of material in the ultrasound frequency range [1]. When
microparticles are dispersed in liquid, the size and the elasticity of
particle in the suspension can be quantitatively determined with an aid
of the acoustic scattering theories [2,3]. Originally, Epstein and Carhart
formulated the theory to reproduce the attenuation coefficient of liquid
droplets [4]. Later, the theory was extended to the case of solid particles
dispersed in liquid [5]. The theory was abbreviated as the ECAH theory
by their contributions. The ECAH theory was generalized to either li-
quid or solid particles dispersed in a liquid or solid matrix by in-
troducing “wild-card” variables. This allows us to convert the velocity
potential of liquid to the displacement potential of solid, or vice-versa
[6,7]. Compared to other classical theories given by Anderson [8] or by
Faran [9], the ECAH theory takes contributions of both viscous and
thermal waves into account. Although the parameters associated with
the thermal waves make the analysis more complicated and ambiguous
due to increase in the number of adjustable parameters, the effect be-
comes more important for nanoparticles, where the size of particle is
comparable with the wavelength of thermal waves.

While nano-sized objects are matter of importance in the material
science, particles in liquid often experience formation of unfavorable
aggregates and/or agglomerates. Therefore, quantitative characteriza-
tion of such aggregates typically in the micrometer range is also an

important strategy to control the properties and functionality of the
suspensions. So far, rigid microparticles of polystyrene and poly-
divinylbenzene (PDVB) were investigated in the range 0.5–10wt%
using two longitudinal ultrasound wave transducers operated at
2–40MHz depending on the target particle size [10]. When the elastic
particles with the sizes comparable to the wavelengths of ultrasound
are dispersed in water, strong peaks in attenuation and phase velocity
(or acoustic impedance) are observed due to the acoustic resonance
[11–13]. In addition to particle sizing, the analysis of the elasticity and
thickness of microcapsule could be carried out based on the ultrasound
scattering analysis with the scattering function of core-shell structures
[14].

For suspensions with a finite concentration, multiple scattering
theories are employed. For example, independent scattering approach
(ISA) is a useful model [15]. At relatively low concentrations, this
formula is equivalent to the case of single scattering. This model is
believed to be valid up to 20% for polystyrene particles, and up to 30%
for emulsions [6]. As for more elaborate models, the multiple scattering
theory proposed by Waterman-Truell [16] or Lloyd-Berry [17] is
combined with the ECAH theory. Needless to say, these approaches
have a limitation in terms of the applicable concentration because all
these models utilize the ECAH single scattering function. As the particle
concentration becomes larger, there exists an overlapping of the scat-
tered waves due to the short inter-particle distance. As for the over-
lapping of the shear waves and the thermal waves, the coupled phase
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model is a useful model [18,19]. At appreciable volume fraction, quasi-
crystalline approximation (QCA) taking account of a higher order cor-
rection could be used [20,21].

As mentioned above, the data up to 20% could be reproduced by the
acoustic scattering theories combining the ECAH single scattering
theory and the dispersion relation. As a matter of fact, in our previous
study, good agreement between the experimental results and the model
was confirmed for the attenuation coefficient and the phase velocity of
the PDVB particles [10]. Besides the success, those of moderately
concentrated charged particles are not well investigated particularly for
the micron-sized particles. In this study, measurements of the at-
tenuation coefficient and the phase velocity of the silica particles
having negative charges on the surface will be demonstrated. Finally,
effects of the salt concentration and the particle size dependences on
the acoustic properties will be described.

2. Experimental procedure

Monodisperse silica standard microspheres were purchased from
Sekisui Chemical (JAPAN). Prescribed amount of the particles was
dispersed in an aqueous solution to obtain the suspension with desired
concentration C, followed by a brief immersion in a low power ultra-
sonic bath prior to ultrasound scattering experiments in order to avoid
aggregation. Water was purified twice by filtering through a 0.2 μm
membrane filter after distillation. Sodium chloride was purchased from
Wako Chemical (JAPAN) and used without further purification. In this
study, the dependence of the acoustic spectra on the salt concentration
Cs was examined. Since the aqueous suspension of the as-received
sample may not be exactly salt-free, the effective salt concentration in
distilled water was measured by conductivity measurements. As the
results, the concentration was found to be 8.67 μM, which was suffi-
ciently low compared to the salt concentrations studied here. The zeta
potential in highly turbid suspension was acoustically determined and
was approximately −90mV obtained by an independent electro-
phoretic mobility experiment. The details will be shown in the forth-
coming paper. Further dialysis was not performed because the prop-
erties in extremely low salt concentrations (regarded as a salt-free
system) are not the scope of this work. Disposable polystyrene rectan-
gular vessels with the dimension 10× 10×40mm3 and the wall
thickness 1mm were used as the sample cells.

The experimental setup is schematically illustrated in Fig. 1. An
ultrasound pulse was generated using a broadband pulser/receiver (JSR
DPR500) with a high-frequency remote pulser RP-H4. Water-immersion
longitudinal plane wave transducers having different nominal fre-
quencies, such as KGK B20K2I (diameter 2mm, 20MHz) and KGK
B30K1I (1 mm, 30MHz), were employed to examine the frequency
dependences of the phase velocity and attenuation coefficient of the
materials.

The transmitted pulse was received by another transducer, followed
by the amplification using the receiver. The sample cell and transducer
were carefully aligned by a homemade stainless stage equipped with
microstages (X, Y, Z, α, and β). The signal was recorded by a 12-bit
high-speed digitizer, GaGe CS121G2, at a sampling rate of 1 Giga
samples/s. The trigger timing was controlled by using a square pulse
generated by an arbitrary wave generator (Keysight Technologies,
33521B). A digital delay (Stanford, DG645) was employed to control
the acquisition timing of the input and output signals by taking account
of the traveling time of sound in water. The digital equipment was
synchronized with a 10MHz reference clock to avoid phase jittering.
The pulse repetition time was set at 0.5 ms and the pulse was averaged
over 5000 times to achieve good precision. The sample was set in a
homemade thermostat bath regulated at 25 ± 0.005 °C. The tempera-
ture stability was confirmed by measuring the stability of the phase
velocity obtained over 6 digits for deuterated water using multi-echo
reflection ultrasonic spectroscopy (MERUS) [22,23].

Field-emission SEM (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 calculation of the diameter for
at least 300 particles. The particle density was determined by the
density matching method with calibrated aqueous solutions of sodium
polytungstate, SPT (3Na2WO4·9WO3·H2O). The density of the SPT so-
lution was calibrated using a 25mL Gay-Lussac pycnometer prior to the
density matching experiments. The sample name, the average diameter
d calibrated by SEM, the coefficient of variation CV (the standard de-
viation of particle diameter normalized by the d), and the density of
particle ρ are summarized in Table 1.

Fig. 1. Experimental setup of the ultrasonic spectroscopy method.
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3. Data analysis

The frequency f, dependence of the intensity attenuation coefficient,
α, and the velocity of ultrasound, c, were acquired by ultrasonic
transmission spectroscopy [10,11,14,22–24]. They were analyzed using
the following relations,
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where L is the sample size, A is the amplitude and θ is the phase of the
transmitted pulse, and the subscript “0”, “sam” and “ref” respectively
refer to the incident pulse and the transmitted pulse for the sample and
reference. Evaluation of the appropriate number of m, is described
elsewhere [22]. The transmission loss due to mismatch of the acoustic
impedance between the sample and the cell wall is negligibly small in
our case. The intensity attenuation, αref/f2 and the sound speed in
distilled water, cref, employed as a known reference were respectively
1496.7 (m/s) and 4.38× 10-14 (S2/m) [25,26]. L was precisely cali-
brated by a pulse echo measurement, and the typical value of L was
approximately 10mm.

The theoretical values of α and c for particle suspensions were cal-
culated using the real and imaginary part of the effective wavenumber k
given by,
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The single particle scattering function F(Θ) at the angle Θ, and the

wavenumber k are correlated by the dispersion relation [15–17,27]. In
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and the Waterman-Truell equation [16],
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were employed to reproduce the acoustic properties at finite con-
centrations 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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F(Θ) is the scattering function given by,
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where Pn is the Legendre polynomials of the nth order, and An is the
scattering amplitude [10]. The partial wave amplitude of the micron-
sized particle in viscous fluid was derived previously and solved by the
wave equations in terms of the radial and tangential pressure and those
of displacement. Hereafter, the model is abbreviated as ECAH44. While
the viscous waves are taken into account, the thermal contribution
could be negligibly small for our silica particles studied here. Then, the
estimated scattering amplitude is substituted into the dispersion rela-
tion, Eqs. (4) or (5) to evaluate the attenuation coefficient and velocity
of ultrasound.

4. Results and discussions

Fig. 2(a) shows the attenuation coefficient α and the phase velocity c
as a function of frequency obtained for d10 at the particle concentra-
tion, C=0.3wt%. The experimental results obtained by the 30MHz
transducer were reproduced by the ECAH44 model with the dispersion
relation as indicated by the solid lines. All the parameters required to
reproduce the results are summarized in Table 2, and will be discussed

Table 1
The sample name, the average diameter d calibrated by SEM, the coefficient of
variation CV (the standard deviation of particle diameter normalized by the d),
and the density of particle ρ.

Sample d (µm) CV ρ (g/cm3)

dS110 0.109 ± 0.011 0.110 1.85 ± 0.03
dS555 0.555 ± 0.023 0.042 1.86 ± 0.03
d3 2.83 ± 0.03 0.011 2.01 ± 0.015
d5 4.63 ± 0.04 0.009 2.08 ± 0.010
d7 6.68 ± 0.07 0.011 2.01 ± 0.015
d10 9.91 ± 0.15 0.015 2.07 ± 0.015
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Fig. 2. The frequency dependences of α and c obtained for d10 at 0.3 wt% without NaCl (a) with NaCl (b).
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later. cL, cS, E, G, K, and σ are respectively the longitudinal velocity,
shear velocity, Young's modulus, shear modulus, bulk modulus and the
Poisson's ratio of the particle. Since the concentration is sufficiently
low, the results calculated by the dispersion relations given by Wa-
terman-Truell and Lloyd-Berry were identical. At this low concentration
regime, there is no anomaly in the interpretation of the attenuation
data.

Fig. 2(b) shows the results similar to Figure (a) except the presence
of salt. As shown in the figure, the attenuation coefficient was almost
identical to all the salt concentrations. On other hand, the phase velo-
city systematically increased with the salt concentration. Increase in c is
due to the presence of salt contributing to the effective velocity.
Therefore, with appropriate background data of the surrounding liquid
consisting of water and salt, all the phase velocities were successfully
reproduced by the scattering theory (fitted lines were not shown for the
clarity of presentation). It is noted again that there is no anomaly in the
interpretation of the acoustical data at this low concentration regime.

Fig. 3 shows the frequency dependence of the α and c obtained for
d10 with C=10wt%. Although the validity of the ECAH analysis was
confirmed up to the particle volume fraction of 20%, the experimental
data was significantly smaller than the theoretical prediction beyond
the experimental error. The dashed lines are the results calculated
based on the parameters for the fused silica reported in the literature [6]. Calculation based on the values for borosilicate glasses is also de-

monstrated [14,28]. Among various considerations, no appropriate
parameter could be found to reproduce the data.

Before discussing the deviation of the calculation from the experi-
mental results, let us show the way to successfully reproduce the data
by the present scattering function analysis with given particle size
distribution and the elasticity of the particles.

First of all, the attenuation coefficent obtained for d10 with
C=10wt% was found to be sensitive to the concentration of salt. As
shown in Fig. 4(a), the frequency dependence of α systematically in-
creased with the salt concentration, Cs. In order to clearly demonstrate
the variation of α with Cs, α was extracted at 28MHz and plotted as a
function of Cs in Fig. 4(b). It was found that α increased with Cs, and
tends to level-off at high Cs. With increasing Cs, α increased again for
Cs > 10mM presumably due to formation of large aggregates. Note
that the attenuation coefficient of the NaCl solution without any par-
ticles was almost constant as shown by the open squares in Fig. 4(b).

Therefore, the increase in α of d10 with C=10wt% (Fig. 3) is a
unique characteristics found for the charge silica at the moderate
concentration. As shown in Fig. 4(c), systematic increase in c was ob-
served for d10 with C=10wt%. However, this behavior could be
simply attributed to the effect of salt because c obtained for the NaCl
solution without particles increased with CS in the same slope. There-
fore, analysis will be performed only for the behavior of attenuation
coefficient in the following discussion.

Subsequently, the plateau regime of Cs = 5–10mM of α was ex-
plored more from different viewpoints. Fig. 5 shows the sedimentation
velocity fluctuations, ΔVy obtained by the dynamic ultrasound scat-
tering (DSS) method, which allow us to evaluate the dynamics of

Table 2
Parameters used in the US calculation.

Sample ρ (g/cm3) cL
(mm/
µs)

cS
(mm/
µs)

E (GPa) G (GPa) K (GPa) σ

Fused silica
[6]

2.185 5.968 3.761 72.35 30.90 36.62 0.170

d3 2.01 5.5 3.2 51.21 20.58 33.36 0.244
d5 2.08 5.5 3.3 55.21 22.65 32.72 0.219
d7 2.01 5.5 3.2 51.21 20.58 33.36 0.244
d10 2.07 5.5 3.3 54.95 54.95 32.56 0.219
Borosilicate

glass
[28]

2.069 4.534 2.628 35.65 14.29 23.47 0.259

1.0

0.8

0.6

0.4

0.2

0

α
m

m(
-1

)

343230282624

frequency, f (MHz)

1.508

1.507

1.506

1.505

1.504

1.503

1.502

c
/

m
m(

μs
)

 Fused silica
 Borosilicate glass
 d10 with C = 10wt%

Fig. 3. The frequency dependences of α and c obtained for d10 at 10 wt%
without NaCl. The data could not be reproduced by the present scattering
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microparticles in highly turbid suspension [29–32]. α is also plotted
together in the upper part of the figure in order to compare the data
with ΔVy. The DSS experiments were performed by the same geometry
with the US setup. When the micron-sized particles are dispersed in an
aqueous solution, the particles settle down due to gravity. Due to long-
ranged hydrodynamic interactions, the velocity field is not uniform,
thereby showing fluctuations in the velocity [33–35]. When the dy-
namics is investigated along the sedimentation direction, z, the average
sedimentation velocity 〈Vz〉 as well as its standard deviation ΔVz could
be evaluated. On the other hand, since the beam direction, y, is per-
pendicular to sedimentation (〈Vy〉=0), the standard deviation of the
sedimentation velocity along the beam axis ΔVy could be solely ob-
tained. Note that the origin of the fluctuation is different from that of
Brownian motion attributed to the thermal fluctuations of small parti-
cles. In our previous study [36], we showed that two important effects
of salt on the dynamics of the charged particle suspensions existed: one
was suppression of the electrostatic interactions of particle competing
with the hydrodynamic interactions, and the other was particle ag-
gregation due to the salting-out effects. Therefore, addition of large
amount of salt could lead to an abrupt increase in the scattered intensity
above Cs = 7mM. The variation of the velocity fluctuations was ex-
plained by a model considering cooperative nature of the particles due
to the long-ranged hydrodynamic interactions in terms of the
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dependence on the particle size, volume fraction, and correlation length
[33–35]. While anomalous volume fraction dependence appeared when
charged particles are examined, addition of salt suppressed the anom-
alous increase in the velocity fluctuation, and then ΔVy followed the
conventional hydrodynamic model, as expected. Therefore, the
minimum in ΔVy could be a measure for ideal conditions of particles.
Below the salt concentration, the strong electrostatic interactions are
present in the system and therefore particles could be stably dispersed
in the suspension. Particularly, above this salt concentration, repulsive
electrostatic interactions are screened out to have a weak particle as-
sociation. The plateau of α coincided with the minimum of ΔVy as
shown in Fig. 5. This suggests that it could be an ideal (random) particle
structure, which is relevant to be analyzed using the scattering function
theory with the dispersion relation assuming the random structure of
particles.

Fig. 6 summarizes the Cs dependence of α and ΔVy with different
particle sizes. As seen from the figure, the plateau region of α was ob-
served for all the silica particle sizes studied here. The specific salt
concentrations, Cs

*, showing the minimum of ΔVy were indicated by the
arrows. For d3, d5 and d7, the plateau region shifted to the lower Cs

with decreasing the particle size. Therefore, for nanoparticles, it is ex-
pected that there is no anomaly in the attenuation coefficient. As a
matter of fact, the excellent analysis on the silica nanoparticles using
the present acoustic scattering theories was reported in the literature,
where breakdown of the acoustic scattering model or description in
terms of the addition of salt was not found [6]. Therefore, such a de-
viation of the attenuation data from the theoretical model could be the
unique characteristics for the charged particle with the large particle
size comparable with the wavelength of ultrasound and at moderately
high concentration of particles.

Since it is expected that the strong repulsive interaction could be
reasonably eliminated by addition of salt at the concentration Cs

*,
theoretical reproduction of the experimental data using the present
acoustic scattering theories of ECAH44 with the dispersion relation was
attempted. As shown in Fig. 7, the attenuation coefficients obtained for
d3, d5, d7, and d10 were successfully reproduced by the acoustic
scattering theories. In order to ensure the discussion, the measurements
were carried out using two-pairs (emitting and receiving) of broadband
transducers (20 and 30MHz) covering the broader frequency range
from 10 to 40MHz. The parameters employed in the analysis were
summarized in Table 2. The experimental data were satisfactory agreed
with the intermediate values of the longitudinal and shear velocities
between those of fused silica and borosilicate glass reported in the lit-
eratures. As realized from the values of density, the evaluated long-
itudinal and shear velocities for our particle could be reasonable. The
fixed value of the longitudinal velocity for the silica particle was em-
ployed throughout the analysis and the evaluated shear velocities for
the silica particle were almost the same for all the particle sizes.

While the calculated attenuation coefficients were insensitive to the
dispersion relations, reproduction of the phase velocity using
Waterman-Truell model [16,27] was better than the Lloyd-Berry model.
Although an error has already been pointed out by Lloyd and berry
[17], experiments showed better agreement using the former equations
in terms of the phase velocity.

In order to investigate the effect of salt on α and c for silica particle
with smaller particle sizes in the nanometers, silica particles are syn-
thesized by hydrolysis and condensation of tetraalkoxide with

ammonia, the so-called Stöber method. The particle diameter and the
density were listed in Table 1.

Fig. 8 shows the frequency dependence of α and c obtained for silica
particles prepared by the Stöber method, dS110 and dS555 with
C=10wt%. For dS110 and dS555, it was found that the frequency
spectra of α were almost overlapped with others obtained for the dif-
ferent salt concentrations. Similar to the results indicated in Fig. 4, the
phase velocity systematically increased with the salt concentration.
However, this increase was, as mentioned above, originated from the
amount of salt present in the suspension. It is worth to recall that the
results obtained for d10 show the noticeable salt effect, in the nan-
ometers region and the data was insensitive to addition of salt. Since
dS110 and dS555 are not standard particles but the synthesized parti-
cles having smaller densities, the expected longitudinal velocity of
particle could be smaller than those of d3, d5, d7 and d10. The best-fit
parameters to reproduce the experimental curves are listed in Table 3.
The evaluated longitudinal and shear velocity were close to the values
of borosilicate glass.

The solid lines and dashed lines respectively correspond to the
calculated curves using Waterman-Truell and Lloyd-Berry equations.
Note that although the expected particle diameter d and the density ρ
were respectively 110 nm and 1.85 g/cm3, the best-fit parameters were
d=114 nm and ρ=1.73 g/cm3. This difference could be attributed to
the fact that the calibration of the particle by an electron microscope
and by weighing were performed after drying, not in-situ. These results
are represented by the black and gray lines in the figure. Since the
dispersion relation assumes that the particle positions are statistically
random, a great care must be taken to completely reproduce the ex-
perimental data by the theory. This could be performed by taking a
structure factor into account, but this requires independent experiments
to determine the radial distribution function of the sample. Therefore, it
is suggested to add a small amount of salt to screen out the electrostatic
interaction as has been carried out in the traditional analysis of polymer
electrolyte solutions.

5. Conclusions

The frequency dependences of the attenuation coefficient and the
phase velocity obtained for the silica particles in aqueous suspension at
moderately high concentrations were studied by ultrasonic spectro-
scopy (US). The US results revealed that the attenuation spectra ob-
tained for the micron-sized particles exhibited significantly smaller
values than those expected from the acoustic scattering theory. In this
study, we employed the single particle scattering theory proposed by
Epstein-Carhart-Allegra-Hawley with the dispersion relation given by
Waterman-Truell and Lloyd-Berry. As long as the concentration is not
too high, e.g. 20% of suspension, the experimental results would be
reproduced by the scattering analysis. As a matter of fact, for nano-
particles, good agreements between the experiments and the theories
have been reported. Since the micron-sized particles were the matter of
our particular interest, when the US analysis was carried out with
megahertz ultrasound, the interparticle distance in our suspension
could be on the same order with the wavelength of ultrasound.
Therefore, it is suggested that the structure factor (or pair-correlation
function) could be incorporated in the dispersion relation to achieve the
better agreement between the experiment and calculation. Since the
calculation is complicated in terms of the effective amount of charge, as
a tentative solution, we have instead shown that, addition of salt could
be useful to perform equivalent acoustic scattering analysis based on
the random structure. Last but not least, it is noted that such a con-
sideration must be unnecessary for nanoparticles as reported in the
literatures.
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