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The  speed  of  sound  in  binary  aqueous  solutions  of  two alcohols  by  means  of the  pulsed  photoacoustic
technique  has  been  determined.  Hereby  an  analysis  of  the  relationships  of  excess  thermodynamic  prop-
eywords:
peed of sound
hotoacoustics
inary mixtures

erties of  the  mixture  to  the  speed  of  sound  in it is  presented.  It is  also  shown  that  neither  the  Grüneisen
coefficient  nor  the absorption  coefficient  of  the  mixtures  are additive  functions  of  the composition.  The
advantage  of this  method  of speed  determination  lies  in its inherent  simplicity  and  the  good  preci-
sion  attained.  It  can  be used  in tomography  of water  in  different  phantoms  and potentially  in tissues  of
biological  origin.
. Introduction

In this work we report the measurement of sound speed in sev-
ral binary aqueous mixtures with two simple alcohols, by means
f the NIR pulsed laser photoacoustic technique, and the direct
etermination of the absorption coefficients of such mixtures by a
pectrophotometer determination. We  have investigated the pos-
ible variations of the elastic properties that could account for the
recise dependence of the sound velocity on the thermodynamic
xcess properties arising from the interaction between water and
lcohol molecules through hydrogen bonds.

Recently, a new application for photoacoustic tomography has
een presented, namely the tomography of water in biological
issues [1]. This procedure successfully applies the capabilities of
he photoacoustic technique to the detection of water in the NIR,
xtending the range of utilization to the high resolution mapping
f water. This work was based in a previous proposal [2] where
he analysis of this type of matters began with mixtures of water
nd ethyl alcohol in order to vary the absorption of the inhomo-
eneities inside phantoms used to simulate irregularities in tissues.
rom another point of view, [2] poses an interesting question about
he amplitude of the maximum of the PA signal in mixtures con-
aining water. The authors imaged water–ethanol and pure water

nclusions in gel and water inclusion in fat tissue; the significant
ifference in photoacoustic signals between water and fat tissue

∗ Corresponding author. Tel.: +54 2494385660.
E-mail address: ppardini@exa.unicen.edu.ar (P. Pardini).
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indicates that the laser-based photoacoustic tomography is poten-
tially capable of detecting water content in different tissues.

In fact, we study whether the speed of sound is an additive func-
tion of the mixture composition, and if its corresponding absorption
coefficient or the rest of the mechanical and thermal parameters are
additive too. These are the parameters involved in the determina-
tion of the peak of the generated acoustic signal, according to the
current theoretical models [3]. There is a potential area of interest
for mixtures of liquids: the analysis of the effects of water in the
thermodynamics of mixtures, and thus in the detection of pres-
ence of localized aqueous mixtures in an otherwise homogeneous
sample.

The determination of the speed of sound in certain media is of
interest in several research areas. In Biomedicine it can be used
for calibration and assessment of quality of the ultrasound imaging
techniques; in Engineering it is used in the analysis of the products
that contain water and alcohols and its applications as solvents
and co-solvents; in Chemistry it is also possible that this method
can contribute to bring information about certain thermodynamics
properties of mixtures and of the changes of structure of different
mixtures as well.

Our results were compared to the results of a variety of tech-
niques for measuring sound speed in mixtures, rendering similar
values.

Other photoacoustic-based systems for studying the propa-
gation in tissues and in phantoms are shown, for example, in [4]

where a prototype of laboratory photoacoustic mammography
system is presented, based in the plane-parallel geometry, working
in NIR using a novel poly(vinyl alcohol) gel phantom. In [5], the
content of glucose and its influences in the signal in Intralipid®
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whole set of measurements, the cuvette, once was properly aligned,
remained untouched, and the liquids were poured carefully into it
in order to avoid both bubbles and mechanical perturbation of the
setup.
P. Pardini et al. / Opt

nd in pig-blood liquid phantoms is studied by photoacoustic
echniques based in Nd:YAG laser in its two  emission lines. In
6] the studies of in vitro and in vivo samples are presented.
hese were conducted in order to explore the factibility of the
hotoacoustic technique as a spectroscopic tool for non-invasive
etermination of glucose in blood.

The use of NIR Nd:YAG laser in [7] demonstrates that there are
reas which can be inspected by these lasers, as in the decreasing
mplitude of the photoacoustic signal in a sequence of pulses in
ental enamel treatment, and in chicken and turkey breast. In [8]

 review of the applications of this technique in image diagnosis
s presented, in imaging and in intra-arterial therapy, monitoring
f brain oxygenation, and in glucose level determination in blood,
ogether with several studies on the eye’s layers and diagnosis of
reast cancer systems. In fact, the photoacoustic technique could
e used to image organs or as a complement of other inspection
ystems as those using light transport in turbid media, by diffusion
9,10].

Now, in order to achieve precision in this mapping, there has
o be a precisely measured speed of sound in normal conditions
s well as in those affected by well-defined edges irregularities or
hose with less localized lesions, tumescence or tumors. On the
ther hand, in other type of analysis it is important to know with
recision the optical properties of the media of interest, to which
he photoacoustic technique could help, providing, for instance, the
bsorption coefficient, of relevance in the Biomedicine or in other
elds of industry as well.

The determination of the speed of sound in aqueous liquid mix-
ures was done, for example, in [11,12] by means of a velocimeter
n which the sound had a fixed path, and also using an instru-

ent consisting of an interferometer of variable path. In both cases,
he frequency was fixed and the determination of the wavelength
llowed evaluation of the sound speed with good level of correla-
ion between both methods. In [13] the speed of sound in binary

ixtures of water and ethanol was evaluated counting several
avelengths by a standard phase-comparison method. There, a

ariable path cuvette was immersed in a thermostatic bath and
aking a distance, ranging from 50 to 250 wavelengths, a further
etermination of the frequency brings the speed of sound. In [14]
his measurement was done using the Brillouin scattering of a
olarized laser and comparing it with a velocimeter using ultra-
ound pulses traveling through a known path length container, and
etermining the time of flight of the pulses.

It is common-knowledge fact that the mixtures of water and
everal alcohols exhibit thermodynamic properties in excess that
re consequences of structural coordination of the molecules of the
olar liquids involved. A manifestation of this is that a property,
uch as the volume, is not additive in the sense that the volume
f the mixture is not the added volumes of the components, and
his holds true for the heat capacity, the elastic constant, the ther-

al  expansion coefficient and even for the absorption coefficient;
hus, the speed of sound is not additive in that sense, since it is
elated to mechanical properties like the bulk compressibility, and
he density. The heat released in the photoacoustic effect is also
ffected by the volume contraction consequences, and thus the
rompt heat dissipation photoacoustic signal will be also affected
on-additively.

We present here the measurement of the speed of sound in
queous mixtures by means of a direct photoacoustic detection by

 PZT pickup in a pulsed laser system, and the influence of the non
inear dependence of the parameters involved in it. We  did not find
his method described here in the previous literature of speed of

ound determination, applied to these particular mixtures or the
nalysis on the additivity issues. We use this technique since it can
e applied to some extent either to biological samples in vitro or

n vivo, that is in real-time, or to other type of samples, such as
 (2016) 2260–2265 2261

liquids mixtures, synthetic or semi-synthetic solids. The advantage
of using this technique lies in its simplicity in data acquisition, in
the interpretation of the results and in the experimental setup. We
shall show that the determinations made by this procedure are suf-
ficiently accurate as to compare well with other, more sophisticated
apparatus like those cited before.

We  present also a consistent set of values for the Grüneisen
coefficient acquired from the measurement of the mentioned
speed of sound and an accurate set of data for the heat capac-
ity and the thermal expansion coefficient of the mixtures used
taken from [15,16], together with the already mentioned direct
measurements of the absorption coefficients of the mixtures. We
are convinced that these results could be interesting for the
quantitative determinations of water in different contexts, espe-
cially in the photoacoustic tomography of water, in Bio-medical
samples.

2. Experiment description

The measurement of the speed of sound was  done using a
well-known direct laser photoacoustic detection setup [3]. It is
schematically represented in Fig. 1. The pulsed laser was  a Q-
Switched Nd+3:YAG working at the 1.06 �m wavelength with a
pulse duration of approximately 10 ns, and set at a pulse repeti-
tion frequency of 10 pps. The beam impinged in a face of a square
glass spectrophotometer cuvette 10 mm optical path, the liquids
samples filled it. At the faces at right angles to that one hit by the
laser pulses a C-clamp that pressed both faces, at one, a square,
4 mm  PZT transducer, that was  mounted in a 10 mm cylinder steel
cage with suitable conditioning. The C-clamp served as to push the
PZT against the cuvette for acoustic impedance issues. During the
Fig. 1. Experimental setup. The description of each item is in each box.
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The liquids studied were obtained for the three combinations
f the above mentioned liquids: distilled water (DW) and ethyl
lcohol (EtOH), DW and methyl alcohol (MetOH) and EtOH and
etOH. Eleven mixtures for each of the binary combinations were
ade, varying the composition in volume steps of 10% that were

fterwards converted to molar fractions. The speed of sound was
etermined for each of the total of 33 samples.

The laser was not focused onto the samples, instead, a pin-hole
rilled in a 0.5 mm  stainless steel plate was used to reduce the beam
iameter from the original 6 mm to approximately 350 ± 10 �m.
or operator’s security reasons, the metal pin-hole was  mounted
t the end of an aluminum tube in order to dump the reflected
aser beam. The detection scheme was completed by an amplifier
ollowing the output of the PZT that ensured good S/N ratio and
ufficient bandwidth as to allow the signal to be well-reconstructed
pecially at the beginning, where data for sound speed was taken.
he amplifier was developed at Centro de Investigaciones Ópticas
CONICET-CIC) of La Plata-Argentina in the Research group directed
y Dr. G. M.  Bilmes.

The samples were excited by this near-cylindrical beam which,
y absorption in the liquids, generates a cylindrical pressure-wave
hich in turn originates, by the photoacoustic effect, the acoustic
ave detected at the transducer. Hence, there should be a delay

etween the laser firing and the arrival of the wave at the acoustic
etector, which is mainly due to the speed of sound in the sample.
nowing this delay for different relative positions of the point of

aser impinging to the detector, provided the system is correctly
ligned, brings the searched speed of sound with good accuracy.

The cuvette was mounted on a plate having manual micro-
etric horizontal displacement system as to vary the distance

etween the source and the detector, i.e. r, with a precision of
0 �m and a total displacement of approximately 20 mm,  although
oughly 8 mm were enough to scan the useful part of the sample.
he temperature of the liquid was monitored by a digital thermo-
ouple thermometer, and only the data produced at a range of less
han ±1 ◦C off the ambient temperature was considered for this
ork.

Times of arrival of the sound pulse to the detector were eval-
ated from the “foot” of each of the signals in different ways, i.e.,
aken de time where de signal takes 1, 5 and 10% of the peak, and
he values found for the speed were always consistent with our
xperimental error of the order of 1%. The distance between source
nd detector was calibrated with a precision of 0.5 mm.  The analy-
is and storage of the signals was done by a 300 MHz  Tektronix TDS
032B digital oscilloscope, averaging 64 sampled signals. The rest

f the data analysis was done by means of a personal computer and
pen Access software.

In order to illustrate the evaluation of the speed of sound, we
how in Fig. 2 how is this accomplished, in the case of distilled

a b

ig. 2. (a) Acoustic signals in distilled water (DW) for different relative positions of PZT 

ignals  in part (a) and the linear fitting line. The R2 = 0.9999 of the line allows a slope b de
 (2016) 2260–2265

water (DW). The part (a) displays photoacoustic signals taken for
different values of the distance between the detector and the laser
beam (r), and arrival times (tr) are measured from the point marked
as 0, a vertical dashed line in the figure. In the part (b) of Fig. 2, the
time-delay is represented vs. r. The experimental points were then
linearly fitted to a straight line, setting the sound velocity as the
inverse of the slope of the linear fit.

From Fig. 2(b) the speed of sound is obtained for the sample DW
from the fitting, since b is the slope of the straight line, using

tr = br + tr0; tr0 = 0; v = 1
b

± �b

b2
. (1)

From the data, the speed of sound in the sample used for
the construction of Fig. 2, was  determined with an uncertainty
of 0.90%.

Other parameters were determined by auxiliary measurements.
The mixtures were prepared by means of graduated instruments
with precision enough to be repetitive in the results that are con-
densed in this work. The absorption coefficients for the mixtures
used in this paper were measured using a Shimadzu spectropho-
tometer Model UV-1800, and the diameter of the pin-hole was
determined by a calibrated digital microscope by National Optical
Scientific Instruments, Model DC5-420 TH.

The maximum of the photoacoustic signal shown in Fig. 2(a)
follows the model proposed by Tam:

SPA = K
˛ˇv2

�Cpr1/2R3/2
E = K

˛�

�r1/2R3/2
E, (2)

and is called thick-cylinder approximation. It depends on the char-
acteristics of the experimental setup: r the distance between the
optical excitation and the acoustic detection, R the radius of the
excited cylinder, i.e. the diameter of the laser, E the energy of
the laser pulse, and K the combined PZT and a mechanical con-
version constant dependent on the particular arrangement used
to hold the sample. The other parameters depend on the char-
acteristics of the studied sample, so it is extremely important to
keep the arrangement unchanged for the whole set of experi-
ments in order to make comparisons of signal amplitudes and
other sources of errors coming from positioning and holding
Grüneisen coefficient �, these are interesting parameters that were
also analyzed. The latter is a dimensionless parameter related to the
speed of sound v, the thermal expansion coefficient ˇ, and the heat

capacity Cp, expressed by � =  ̌ v2

Cp
.

and laser beam for distilled water. (b) Experimental points tr vs. r taken from the
termination b = 0.666 ± 0.004.
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Fig. 3. Fitting of points tr vs. r, for distilled water (DW), ethyl alcohol (EtOH) and
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Fig. 5. Experimental values for the speed of sound compared to the additive speed

molar fractions near unity (ıv∼0.9 for DW/EtOH, and approxi-

F
c

ethyl alcohol (MetOH).

. Experimental results

In Fig. 3 we display the results of the measurements of the speed
f sound in the three liquids: DW,  EtOH and MetOH. These are the
iquids that were used to make the binary mixtures by combination.
here is an excellent linear relation that fits the data points, since
n all cases R2 ≥ 0.99995, which assures a speed uncertainty of less
han 1.2%.

From these straight lines, we can calculate from Eq. (1) the
peed of sound in the pure liquids samples. The values for that
ariable are: 1501 ± 9 ms−1 for DW,  1149 ± 9 ms−1 for EtOH, and
052 ± 8 ms−1 for MetOH.

Fig. 4 summarizes the results of the measurement of the speed
f sound for each of the binary mixtures vs. its composition. The
wo cases of aqueous mixtures are displayed as compared to the
peed of sound measured by various other authors (references are
ndicated in the figure, the methods used are by means of the
elocimeter by Onori et al., and Brillouin scattering by Mijakovic
t al., both described in Section 1), being the consistency between
ur results with those of the references reasonably good. Since we
ould not find values in the literature for the third mixture (EtOH
ith MetOH) we report the results separately. The results thus

onfirm others with a very simple experimental setup.
In the case of the DW/EtOH mixture all the values shown for the

peed of sound are within the experimental error of the authors
ited. The percentage difference s with the values reported by
he references cited are not greater than 2.5%. For the mixture

W/MetOH the values are also within the experimental error of

he references, except solely for pure MetOH for which our value
nd the reference value are an 7% apart, which is attributable to

a b

ig. 4. Speed of sound vs. molar fraction of distilled water (DW) determined by the phot
ompared with the authors of the references cited in the inset of the figures (see also Ref
through the parameter ıv  vs. the composition of the mixture, for distilled water and
ethyl alcohol (DW/EtOH), distilled water and methyl alcohol (Met/OH), and ethyl
alcohol and methyl alcohol (EtOH/MetOH).

differences in the composition of the reagent MetOH used in our
case.

Our results for the combinations of DW/EtOH, in turn, have
experimental discrepancies between 0.5% and 1.2%; for the
DW/MetOH the uncertainty lies between 0.4% and 1.1%. Finally, for
the case EtOH/MetOH the band of uncertainty lies within 0.3% and
0.6%, in the whole range of compositions (see error bars in Fig. 5).

The peculiar shape of the change of the speed of sound with
composition differs with the one that would be sensible if it were
not for the thermodynamic excess of the parameters involved in
this propagation speed. The additive speed should be

vad = x v1 + (1 − x) v2, (3)

where x is the molar fraction of the first component and v1 the speed
of sound corresponding to such component, and (1 − x) is the molar
fraction of the second component, being v2 the speed of sound for
that component if pure.

The excess of speed of sound that can be determined by the rela-
tion between the speed of sound corresponding to the measured
(suffix “meas”) and the one that comes from Eq. (2) relative to the
additive one (suffix “ad”) is

ıv = �v
vad

= vmeas − vad

vad
. (4)

From Fig. 5, in the case of aqueous solutions, the curve rep-
resenting ıv is polynomial in shape, displaying a maximum at
mately ıv∼0.85 for the DW/MetOH). Instead, for the EtOH/MetOH
mixture, the curve for ıv is nearly horizontal, indicating that the
speed of sound is approximately additive.

oacoustic method for aqueous mixtures with: (a) ethyl alcohol, (b) methyl alcohol,
erence section) at temperatures similar to the ones of this work.
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. Discussion of results

The different values for the speed of sound measured to those
valuated by the additive expression, can be related to the already
entioned thermodynamic properties in excess to the additive

nes.
Fig. 6 helps comparing the percentage thermodynamic prop-

rties in excess, related to the speed of sound measured here.
he properties displayed are the percentage changes in bulk com-
ressibility coefficient K, and in the density �, together with the
ercentage change in speed of sound, since these are the properties
irectly related to the velocity of sound in

 =
√

K

�
. (5)

In Fig. 6 the excess in the three related functions of the com-
osition for: (a) the binary mixture of distilled water and ethyl
lcohol, and in (b) the mixture distilled water and methyl alco-
ol. The excess for the speed of sound shows a maximum at the
aximum of the elastic properties displayed.
From Eq. (5), we can evaluate the excess in these parameters

ince at first order we have

�v
vad

= 1
2

(
�K

Kad
+ ��

�ad
), (6)

here again, the suffix “ad” stands for additive property and is cal-
ulated according to the Eq. (3) shown before; here, the symbol
 indicates the excess in each parameter. In this estimation, the
ata for the elastic properties and density are taken from [11,12,17]
espectively, while the data for the speed of sound comes from our
ork. This estimation is also shown in Fig. 6.

a b

ig. 6. Excess compressibility, density, and speed of sound (measured and estimated fro
DW/EtOH), (b) for distilled water and methyl alcohol (DW/MetOH). Data re-elaborated 

andbook [17].

a b

ig. 7. Relative excess in all the parameters involved in the generation of photoacoustic e
n  this work; Cp , isentropic heat capacity, re-elaborated from: [16]; ˇ, isothermal expansio
n  this work; and �, density, re-elaborated data from [17]. Part (a): distilled water and eth
 (2016) 2260–2265

Although the liquids used in this work and the temperature at
which experiments were done are not exactly those used in the
references from which we obtain certain mechanical properties,
there is a very good agreement between the speed of sound mea-
sured by us and that evaluated from the data. Thence, the study
here presented strongly suggests that the speed of sound varia-
tion with the composition of the mixtures is clearly related to the
thermodynamic excess properties of the mixture.

In Fig. 7, the speed of sound in aqueous binary mixtures is com-
pared to the excess in other thermodynamic properties involved in
the generation of the photoacoustic signal: the ones related to the
Grüneisen coefficient and the absorption coefficient, and also the
density.

All the properties shown, including not surprisingly the absorp-
tion coefficient ˛, have an excess maximum for higher molar
fractions of water. Since these excesses are related to structural
changes in the solution, it is expected that all shall peak at approx-
imately the same molar fractions values. They do not exactly
coincide with the maximum variation for the speed of sound found
in this work; however, they are in general agreement with it. The
temperatures of the mixtures in this work were not precisely the
ones we  choose for comparison with other results, they are at most
5 ◦C apart and there is no evidence that this difference is substantial
to change any of the conclusions we  present here.

By determining v, and using data in Refs. [15,16,18] we have
been able to estimate the Grüneisen coefficient, �. First, we esti-
mated its value by using the properties with their excess, and
then, we compared it with the value estimated using the addi-

tive properties, calculated as the additive velocity in Eq. (3).
Finally, we obtained the difference of the Grüneisen coefficient esti-
mated with excess properties (suffix “exc”) and with additive ones
(suffix “ad”), as

m Eq. (5)) vs. composition of the mixture: (a) for distilled water and ethyl alcohol
for compressibility coefficient K, from Onori et al. [11,12], and density � from CRC

ffect (according to the model developed in Ref. [3]): v, speed of sound, determined
n coefficient, re-elaborated from [15]; ˛, optical absorption coefficient, determined
yl alcohol (DW/EtOH); part (b): distilled water and methyl alcohol (DW/MetOH).



P. Pardini et al. / Optik 127

F
w
o

�

a
f

i
u
t
l
s
e
e
t
p

5

e
c
d
t

a
i
T
t
e
T
a
t
c
a

m
p
c
t
f
t
t
s

m

[

[

[

[

[

[

[

ig. 8. Difference between the Grüneisen coefficient, vs. molar fraction of distilled
ater (DW), estimated with excess properties and the one estimated with additive

nes.

� = �exc − �ad, (7)

s shown in Fig. 8. It presents a maximum excess for higher molar
ractions content of water.

Our results have some sources of uncertainty that can be
mproved. For instance, the use of very pure liquids, or by the
se of smaller diameter pin-holes, in order to define better yet
he position of the source of acoustic waves, finally, the use of a
arger cuvette for the liquid might avoid possible influence of the
hock-wave remnants in the signal and larger path to have more
xperimental points to fit. The main result here, is that all the differ-
nce between the speed of sound and its additive counterpart is due
o the thermodynamic excess properties and that by the procedure
resented here they can be visualized and analyzed quantitatively.

. Conclusions

The speed of sound can be determined using the photoacoustic
ffect by means of simple measurements, namely the time-delay
hange of the beginning of the photoacoustic signal, related to the
isplacement of the laser with respect to the position of the PZT
ransducer.

Using this method we have determined the speed of sound in
queous binary mixtures of liquids that undergo structural changes
n solution that manifest as excess thermodynamic properties.
hese excesses produce changes in the speed of sound with respect
o the composition, that do not obey the additive linear equation,
specially near unity molar fraction of water in aqueous mixtures.
he maximum of these discrepancies is very near the maximum of
ll the properties that depend on the specific volume of the mix-
ure, namely the density, the compressibility, the isentropic heat
apacity and the isothermal expansion coefficient, and the optical
bsorption coefficient.

Furthermore, we have presented the excess of the different ther-
odynamic properties that are of interest for the maximum of the

hotoacoustic signal. We  have studied the excess in the absorption
oefficient and compared it with other thermodynamic properties
hat present also the maximum excess at the nearly same molar
raction, for concentrations of water near the unity. The variation of
he Grüneisen coefficient is presented here, the discrepancies with

he additive one is crucial for understanding the photoacoustical
ignal generation.

We have also investigated the mixture ethyl-alcohol with
ethyl-alcohol, and shown that there is no noticeable difference

[

[
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between the additive and the measured speed of sound, so we may
infer that there is no structural change in their mixing.

This technique has the advantage of being straightforward both
in data acquisition and in the interpretation, and as we have imple-
mented it, it can be improved for more accurate measurements. It
has also the advantage that the results are fast and readily obtained,
which can be interesting in view of its possible applications to
medical and biological studies.

We have summarized also the speed of sound measurements
performed by other authors, in order to compare their results,
which use much more involved systems, and ours, that do not differ
appreciably.
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