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1. Introduction

　There is a great variety of particle characterisa-
tion methods; of size, of size distribution, of density, 
of molecular weight and so forth. So why is another 
set of methods needed?  It is recognised that an area 
where particle characterisation is deficient is with re-
gard to very small particles in concentrated systems. 

Clearly this is an issue in the area of nanoparticle 
production, for instance. There are other issues too, 
for example light scattering methods struggle if par-
ticles are coated, modifying their refractive index; or 
if there is more than one type of particle present. A 
good example of such a system which we have stud-
ied intensively is milk, which comprises several types 
of particles suspended in water. It is not difficult to 
satisfy yourself as to this fact, just compare skimmed 
and full-cream milk, both are white; this is because 
both the protein particles and the oil droplets are 
large and concentrated enough to scatter light, im-
parting a white colour on the product. Nevertheless, 
there must be powerful reasons to consider new tech-
niques, invest in new equipment, train new experts 
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and so on. But at a recent meeting of the Society of 
Chemical Industry in London it was baldly stated that 
there was no other technique to match ultrasound in 
the characterisation of nanoparticulate dispersions. 
Given the growing importance of this area we not 
surprisingly find a growing interest in ultrasound 
techniques for particle characterisation.
　General introductions to ultrasound characterisa-
tion of particulate systems suspended in fluids can 
be found in works published by this author1, 2) and by 
Kinsler and Frey3).

2. Equipment for Acoustic and Ultrasound Mea-
surement

　There is a great variety of equipment and equip-
ment types available. Techniques are classified as 
continuous, quasi-continuous and pulsed, referring to 
the way in which the sound is generated. The most 
common type of sound transducer employs a piezo-
electric ceramic called lead zirconium titanate (PZT); 
however there are many other types of construc-
tion including electrically polarized plastics, single 
crystal materials such as quartz or lithium niobate, 
each offering differing advantages. Single frequency, 
frequency scanning or broad-band (simultaneous 
multiple frequencies) generation of sound is possible, 
typically over frequencies between a few Hz and 
100 MHz, although a much wider range is possible. 
Sample volumes may vary between a few hundred 
microliter in resonant cell systems operating over a 
limited frequency range of between 7 and 15 MHz  
to 500 ml in a quasi-continuous, frequency sweeping 
spectrometer (1 MHz to 200 MHz).
　The acoustic set-up of a quasi-continuous fre-
quency sweeping spectrometer is schematically rep-
resented in Fig. 1. One transducer transmits a sound 
pulse that passes through the sample medium and is 

subsequently received by a second transducer. The 
sample medium is continuously stirred.
　Ultrasound spectroscopy yields two types of mea-
surable quantities; absorbance and velocity. Absor-
bance values A (in nepers) are derived from intensity 
measurements from the initial intensity I0(ω) as a 
function of angular frequency ω( = 2πf ) and the 
measured intensity I(ω):

                      I0(ω)
　A(ω)＝1n［─］  	 [1]
                      I(ω)

　The phase velocity is equal to the distance between 
the transducers, L, divided by pulse time of flight, Δt, 
of the sound pulse.

                         L
　ν(ω)＝─  [2]
                    Δt(ω)

　The experimental measurements are always car-
ried out relative to eference samples and samples. 
This can be achieved directly doing only one mea-
surement on the sample and one measurement on 
the reference sample under the same conditions. 
The relative absorbance measured is then called the 
excess absorbance and also leads to the excess ab-
sorbance coefficient αxs. The excess absorbance coef-
ficient (Nepers/m) is independent of the instrument 
set-up and is a material property. 

　αxs(ω)≡［Asample(ω)－Areference(ω)］/2L  [3]

　Here absorbance is normalised by the distance 
travelled by the pulse, in this case the first and sec-
ond echoes are compared (Fig. 1) so the distance 
in this case is twice the cell width. It has been found 
that the measurement of the apparent excess absor-
bance can be carried out rapidly by selecting a suit-
able reference medium. The excess absorbance, αxs 
is the absorbance that the sample exhibits over and 
above that of the reference sample. Usually water 
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Fig. 1   Schematic representation of the spectrometer cell and pulse delay determination. Note that following the first ‘echo’, subsequently 
received echoes are reflected from the transmitter and consequently travel twice the distance taking twice the time.
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is used as the reference sample. It is a more direct 
measure of processes that happen in the sample of 
interest and not in the reference sample. By choosing 
an appropriate reference sample, other effects can be 
selectively excluded.
　One issue regarding ultrasound particle sizing has 
been the quantity of material needed to make the 
measurements, one well-known spectrometer requir-
ing 500 ml. The reason for this is the requirement in 
ultrasound particle sizing for a very large frequency 
range of more than two decades. The attenuation of 
sound intensity as a function of distance is roughly 
proportional to the square of the frequency, so high 
frequencies require much shorter path lengths in 
order for a good signal-to-noise ratio, as compared 
with low frequencies. In water for example, measure-
ments at 100 MHz require a few millimetres whilst at 
1 MHz, hundreds of millimetres are required. 
　Water has one of the lowest attenuation factors of 
any liquid and it is quite a challenge to accurately 
measure the attenuation at low frequencies. In Fig. 2 
is plotted the spectrum of water purified in a millipore 
apparatus as measured in our laboratory on a Mal-
vern Ultrasizer (Malvern Instruments, Malvern, UK). 
Note that in this instrument, the lowest measureable 
attenuation is around 0.1 Neper m-1 and the highest 
is around 1000 Neper m-1. The instrument achieves 

this huge dynamic amplitude and frequency range 
through a combination of electronics and changing 
path length between transducers. In the case of the 
Malvern Ultrasizer, the measured attenuation spec-
trum is an absolute one, whereas in the case of other 
instruments, the spectrum is relative to a reference 
material. A wide frequency and attenuation range is 
essential if accurate particle sizing is to be done in a 
significant range of liquids and suspensions.
　The need for a wide frequency range is illustrated 
in Fig. 2 for a selection of materials. Note that while 
the pure materials (water and Tween20) exhibit 
straightforward power law dependence on frequency, 
the dispersions (Tween20 in water, homogenised 
milk and n-hexadecane in water) exhibit a far from 
straightforward frequency dependence. In the case 
of Tween20, the Tween micelles scatter sound by 
a thermal mechanism which has a complicated fre-
quency dependence which nevertheless is predict-
able5) and with which the micelles can be sized6). The 
same is true of the milk and the casein nanoparticles 
in milk4). It is important to characterise the behaviour 
of the surfactant in the solvent if ultrasound particle 
sizing is to be carried out successfully.
　Pulsed systems of fer higher data acquisition 
rates, as high as ten measurements a second but 
lower bandwidths. Nevertheless, if averaged data is 
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Fig. 2   Ultrasound attenuation plotted as a function of frequency for a surfactant solution, pure water, n-hexadecane and ho-
mogenised milk with a fat globule size of 1μm at 25C. Water displays a power dependence on frequency of 2.01 and a pre-
exponential factor of 0.02 whilst undiluted Tween 20 has an exponent of 1.69 and a pre-exponential factor of 3.59. Open 
triangles show the measured data in water purified by Millipore apparatus and open squares show the data for Tween 
20. The open diamonds show the data for 4% Tween 20 dispersed in water; crosses are data for  20 % v/v n-hexadecane 
in water, D[3,2] = 1000 nm; circles are milk fat in water emulsion. (Data courtesy of Ran Huo, Valerie Pinfield and Stefan 
Meyer 4), University of Leeds).
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required, for example particle compressibility, solid 
content or a trend in size due to coalescence, then 
limited bandwidth, pulsed systems may be the best 
choice. An example of a miniaturised, limited band-
width spectrometer using pulse techniques is given 
in reference7). A broadband transducer (1-10MHz) 
excites a pulse in a buffer rod within which it rever-
berates. Some of the sound escapes from the buffer 
rod into the sample within which it also reverberates; 
the same transducer both exciting and detecting the 
sound pulses. Comparison of the reverberation within 
the buffer rod and in the sample gives accurate veloc-
ity and attenuation data.
　An even simpler system simply measures the re-
verberation time of sound pulses in a sample between 
pipe walls, generated and detected by the piezo-
electric transducer embedded in the wall. This is a 
simple and robust system that can operate inline and 
be temperature-cycled between -15°C and 90°C, so is 
particularly suitable for crystallization studies8, 9, 10).

3. Sizing nanoparticles

　Solid particles can also be sized with attenuation 
spectroscopy. In Fig. 3 is plotted the attenuation of 
sound at various frequencies between 100 kHz and 
200 MHz for silica monodispersions of various sizes. 
Comparing Fig. 3 with Fig. 2 we may note that we 
have plotted the results obtained within the dynamic 
range of the Malvern Ultrasizer. Firstly note the com-
plicated dependence on both size and frequency. This 
occurs because there are three scattering mecha-
nisms at work, i.e. thermal scattering, visco-inertial 

scattering and elastic scattering, in addition to the 
frequency dependence of the attenuation inherent in 
each phase out of which the dispersion is composed. 
The width of the scattering peaks arises from the non-
propagational nature of the thermal and shear waves 
which are excited by the particle in the acoustic field, 
the decay lengths of these waves scales inversely 
as the square root of the frequency. The situation is 
further complicated by multiple scattering which is 
responsible for the significant differences between 
the data for the dilute silica suspension in Fig. 3 and 
the data for the concentrated suspension in Fig. 4; 
nevertheless, current ultrasound scattering theory is 
capable of predicting this behaviour from first princi-
ples5). In general, as the frequency increases so does 
the attenuation, as to be expected. However, this does 
not occur simply. Examination of Fig. 3 indicates 
that little information about size distribution can be 
obtained for sizes below around 10 nm. But this does 
not mean that particles smaller than this are not de-
tected. In fact a big advantage of ultrasound is that 
particles of all sizes are detected and contribute to 
the volume fraction, which is obtained independently 
from the spectra. So we can expect to obtain accurate 
values of the volume fraction, regardless of the size 
distribution. Examination of Fig. 3 also indicates that 
the spectrum is very sensitive to particle size in the 
region 10 nm to 500 nm. In general there may not be 
a unique solution to the spectral inversion; several 
size distributions may satisfy a given spectrum. Here 
modelling of the spectrum is very useful because this 
allows a-priori knowledge of the distribution to con-
strain the range of solutions to the spectral inversion. 
Note in Fig. 4 how increasing particle concentration 
increases the sizing range considerably.
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Fig. 3   Attenuation plotted against size and frequency for 2.24% v/v 
monosize silica suspended in water. Solid squares, 0.1 MHz; open 
squares, 0.233 MHz; solid triangles, 0.541 MHz; open triangles 
1.26 MHz; closed circles, 2.93 MHz; open circles, 6.82 MHz; 
closed diamonds, 15.87 MHz; open diamonds, 36.94 MHz; cross-
es, 85.95 MHz; pluses, 200 MHz.
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Fig. 4   Attenuation plots for 30% v/v monosize silica in water. Symbols 
as in Fig. 3.
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4. Stability of Particulate Systems

　The stability of particle dispersions is of particular 
concern to manufacturers and acoustic techniques 
offer a unique combination of ability to non-invasively 
characterise concentrated dispersions and to provide 
data which can be compared with mathematical mod-
els. This combination of techniques offers the pros-
pect of product lifetime prediction, sometimes called 
shelf life12, 13, 14, 15, 16, 17). The Acoustiscan scanner (Fig. 
5) employs a pulse echo technique similar to that of 
the FSUPER (Frequency scanning ultrasonic pulse 
echo reflectometer7)). In the case of the Acoustiscan 
though, the transducers are moved using a stepper 
motor system, building up a spatial and temporal pic-
ture of the distribution of particles.
　In Fig. 6 the behaviour of an emulsion in which 
the density difference between the lighter dispersed 

phase and the heavier aqueous phase results in 
creaming is shown. We have shown that this type of 
behaviour is completely described by buoyancy and 
hydrodynamics and can model the behaviour pre-
cisely13). Fractionation occurs as the smaller particles 
are moved upwards in the backwash of the larger 
faster moving particles, resulting in the blurred-out 
interface between the cream (top) and the serum 
(bottom). This type of instability is actually unusual, 
largely because the particles interact through a va-
riety of mechanisms - depletion flocculation, van der 
Waals forces, ionic forces, bridging flocculation, etc. 
In this case it is much harder to model the behaviour; 
an example of an emulsion which gels through deple-
tion flocculation is given in Fig. 7. Note that there is 
a well-defined boundary between the cream and the 
serum; this arises because particles of all sizes are 
held within the flocs which then cream together, pre-
venting the fractionation process seen in Fig. 6. This 
technique and approach permits the rapid prediction 
of dispersion stability because it is sensitive to the mi-
croscopic changes occurring which lead to product 
destabilisation.

5. Particle State and Solid Content

　The speed of sound is extremely sensitive to the 
crystalline state of particles8, 10). This is because there 
is a large change in compressibility between the liq-
uid and solid state. The density change is nothing like 
so great and as a result, we see a big change in the 
speed of sound through ν＝1/√κρ. Since the speed 
of sound is measured in the UVM system with a pre-
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Fig. 5   Acoustiscan ultrasound scanner, diagram on left, picture on 
right11).
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Fig. 6  Unhindered creaming of an oil-in-water emulsion measured using the Acoustiscan.
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cision of 0.1 ms-1 in 1500, we determine solid content 
to within 0.01 v/v or 1% v/v, regardless of particle 
size. This is a simple, rapid (10 measurements per 
second) and accurate method for determining par-
ticle state in concentrated dispersions of particles, no 
matter what their size. Fig. 8 shows the solid content 
determined in a crystallisation n-hexadecane emul-
sion whose oil phase crystallizes at 2°C and melts at 
18°C. This emulsion is very stable and can be cycled 
again and again between the crystalline and liquid 
states (Fig. 9). The method can distinguish between 
crystallization and the formation of a glass, since the 
two states of matter have totally different compress-
ibilities.

6. Conclusion

　It is indeed surprising that ultrasound measure-
ment is not used more widely in particle characterisa-
tion. This is particularly true when it is considered 
that for applications such as concentrated nanopar-
ticle dispersions, there is no other technique which 
can be used to determine the state of the particle, the 
state of its surface or its size distribution. Nor is there 
any rival in the area of crystallization, particularly in 
the initial stages during nucleation. The answer to 
this question lies in the lack of commercially available 
equipment properly adapted to the needs of industry. 
However, such a situation is unlikely to last since the 
hurdles are not technical but practical. Equipment 
needs to become more versatile, more adaptable to 
manufacturing needs and less expensive; this is just a 
matter of time. 
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