
ORIGINAL ARTICLE

Identification of acoustic fields in aqueous biomass
solutions of banana waste pretreated by power ultrasound

H. A. Villa-Vélez1,2 & M. L. Cornelio3 & J. L. G. Corrêa4 & J. Telis-Romero2

Received: 2 October 2016 /Revised: 23 February 2017 /Accepted: 19 March 2017 /Published online: 1 April 2017
# Springer-Verlag Berlin Heidelberg 2017

Abstract High-intensity ultrasound is a technology used to
improve the performance of processes in the chemical, phar-
maceutical, biomass pretreatment, and food industries.
However, few studies were described in the literature to com-
prehend the acoustic wave propagation in the material and
their efficiency in the process. Thus, this study aims to deter-
mine the acoustic fields of aqueous biomass solutions from
flower stalk banana using the calorimetric method and a de-
termined sonotrode position. These tests were conducted at
temperatures from 0 to 60 °C and ultrasound power from
120, 160, to 320 W. Also, the specific heat capacity and den-
sity of the solution were determined experimentally as a func-
tion of the solution concentration (0.040 to 0.100 g
biomass mL−1), pH (3, 5, and 7), and temperature. The posi-
tion of the thermocouple was maintained at 1 cm from the
sonotrode, and the ultrasound frequency was 24 kHz. The
methods and results presented in this study can be used to
reproduce acoustic field calculations in aqueous biomass so-
lutions, aiming the construction of acoustic processor systems.

Keywords Acoustic intensity . Density . Flower stalk
banana . Power ultrasound . Specific heat capacity . Stepwise
regression

1 Introduction

Within the last few decades, lignocellulosic biomass has been
reported as a raw material for biotechnological processes in
the bioenergy industry [1]. Lignocellulosic biomass is cheaper
than first-generation food-based feedstock, since its use does
not compete with food and feed supplies [2] and it is more
friendly to the environment [3]. Flower stalk banana is a raw
material with high content of cellulose [2, 4] that could be
converted to fermentable sugar through enzymatic hydrolysis
processes with mass performance and net energy values that
are comparable with those of lignocellulosic materials [5, 6].

The processing of lignocellulosic biomass has been report-
ed from literature using physical [4], physicochemical [7],
chemical [8, 9], and electrical [10] methods. However, most
of these studies show the influence of each method on the
production of fermentable sugar instead of the process effi-
ciency and its physical effect.

The use of physical methods that employ mechanical
acoustic waves in a liquid media by using ultrasound technol-
ogy promotes cavitation, which occurs through the spontane-
ous formation, growth, and collapse of millions of microscop-
ic bubbles. This phenomenon produces high temperatures and
pressures that last for microseconds and produces a hotspot
effect in the cold liquid [11]. These high cooling rates prevent
the organization and crystallization of the precipitated prod-
ucts, which results in mostly amorphous particles [12, 13].
The effects of high-intensity ultrasound depend on many var-
iables, including medium properties (viscosity, surface ten-
sion, the composition and concentration of the solution, and
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the presence of solid particles) [14, 15] and operation param-
eters (pressure and temperature, ultrasound power and fre-
quency, and the size and geometry of the treatment vessel)
[16]. Consequently, it becomes difficult to compare the data.
However, some advantages have been reported regarding the
use of ultrasound. Cavitation could improve the chemical re-
actions [11] and mass transfer [15] and has been reported as an
alternative for potentializing the production of fermentable
sugar during biomass pretreatment. For example, high-
intensity ultrasound has been used to pretreat Areca nut husk,
bon bogori, and moj [17] wastes in India and pulp mill waste
[18] and dry maize milling [19] wastes to increase the glucose
contents of the wastes, which resulted in greater biofuel yields.

By pretreating organic matter in solution using different
ultrasonic power levels, Jiang et al. [20] demonstrated that
the effects of ultrasound on the biomass are similar when the
biomass is treated using low-intensity power over a long pe-
riod or with high-intensity power over a short period. Other
studies have indicated that combinations of high-intensity ul-
trasound and chemical methods can increase the efficiency of
biomass pretreatment [18, 21–25].

Although the application of high-intensity ultrasound for
biomass pretreatment has been reported, studies regarding the
influences, spreading, and absorption of the acoustic waves in
the biomass have not been conducted. Measurements of the
acoustic power that is generated by an ultrasound source and
the power that is absorbed in a volume of liquid under cavi-
tation conditions have become urgent and important acoustic
problems. These problems have only recently been solved
because these properties are related to the characteristics of
the material through which the acoustic energy propagates
[14, 24]. The following techniques have been used to quantify
the energy efficiency in liquid media: calorimetric [26],
sonochemiluminescence [27], electrical [28], and acoustic
mapping methods [29, 30]. The calorimetric method is con-
sidered as one of the best techniques because it is a very
simple and its results can easily be compared with those of
input power. In these measurements, the calorimetric energy
may be estimated as a function of position in the liquid media
[26, 31]. However, the calorimetric method presents several
problems when the experimental conditions (initial tempera-
ture of experimentation, position of the sonotrode, precision of
the sensors, characteristics of the material, etc.) are not con-
trolled. To overcome this problem, the classification of the
electrical input energy into several energy terms, such as the
absorption, dissipation, transducer heating, and heat loss to the
surroundings, has been suggested to normalize and quantify
the input power of the sonotrode and/or sonoreactor in the
system [26, 32].

Based on these arguments, this work aims to determine the
acoustic fields in aqueous solutions of biomass from banana
waste (flower stalk) by the calorimetric method. For this, ex-
perimental correlations of the specific heat capacity and

density of the solution by using differential scanning calori-
metric and pycnometric methods were realized.

2 Material and methods

2.1 Raw materials

Banana flower stalks (Musa acuminata AAA cv. Dwarf
Cavendish) were acquired from local farmers of the industry
Banatech (Guapiaçu, São Paulo State, Brazil) and were stored
at 15 °C before use.

2.2 Sample preparation

The flower stalks were washed with water to remove foreign
particles. Next, the stalks were cut longitudinally (in the di-
rection of the fibers) and dried at 40 °C at an air velocity of
3.0 m s−1, until obtaining a product with a moisture content of
9.2 g H2O per kilogram of dry matter. Next, the dried flower
stalks were ground in a knife mill (model MA380, Marconi,
Brazil) to obtain particle sizes of 50 to 200 μm.

Aqueous biomass solutions with concentrations of 0.000,
0.040, 0.060, 0.080, and 0.100 g mL−1 were prepared by
mixing the powdered flower from the banana stalk with de-
ionized water. Due to the high water absorption capacity and
swelling of the flower stalk powder, previous assays indicated
that the maximum possible biomass concentration was
0.100 g mL−1. Each solution, with a volume of 1.8 L, was
acidified to pH 3.0, 4.0, 5.0, 6.0, or 7.0 by using a 0.001%
H2SO4 solution and monitored until stabilization. The pH
measurements were made using a pH meter (model
mPA210, MS Tecnopon, Brazil).

2.3 Density determination, ρ

The ρ of the biomass solution was determined by weighting a
standard 25-mL volumetric glass pycnometer (Brand,
Wertheim, Germany) on a precision scale (0.0001 g). The
pycnometer was equipped with a cap and thermometer (±
0.1 °C) at 0, 10, 20, 30, 40, 50, and 60 °C and was previously
calibrated using distilled water for each temperature (AOAC,
method 985.19) [33]. The temperature was maintained using a
thermostatic bath (model MA-159, Marconi, Brazil).

2.4 Experimental conditions of high-intensity ultrasound

The acoustic fields of the aqueous biomass solutions were
determined using an ultrasonic processor (model UP400S,
Hielscher Ultrasonics GmbH, Germany) with a titanium
sonotrode, with a tip diameter of 22 mm (model H40,
Hielscher Ultrasonics GmbH, Germany). This ultrasonic pro-
cessor operated at a frequency of 24 kHz and with a maximum
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nominal input power of 400W. The input power applied to the
transducer could be modified from 0 to 100%. Next, 1.8 L of
the solution was placed in a stainless steel chamber with an
available capacity of 2.0 L. The experiments were carried out
at preset and controlled temperatures of 26 ± 0.1 °C. This
temperature was chosen because it was near room tempera-
ture. The nominal input powers tested in each experiment
were 120, 160, 200, 240, 280, and 320 W.

2.5 Study of the acoustic fields using the calorimetric
method

In this study, the calorimetric method was selected due to the
following biomass characteristics: the solutions were opaque
and could not be visually distinguished using the
sonochemiluminescence method [27], and the presence of fi-
brillar materials resulted in hydrophone errors when using the
acoustic mapping method [29]. Thus, the acoustic fields ap-
plied to the aqueous biomass solution were carried out using

this method and by measuring the increases in temperature
over the first 210 s [24]. The increase in temperature was
recorded using a type J thermocouple connected to an acqui-
sition data system that was provided with the software
(LabVIEW 2010, National Instruments®, USA). The thermo-
couple position was held constant at 1.0 cm from the
sonotrode. This position was determined previously based
on maximum acoustic intensity measurements that were ob-
tained using a hydrophone model TC4014 (RESON A/S,
Slangerup, Denmark) that was adapted to the acquisition sys-
tem, as indicated in Fig. 1.

Thus, the actual energy of the power ultrasound was deter-
mined using Eq. (1):

P ¼ mcp
dT
dt

ð1Þ

where P is the energy that the power ultrasound propagated in
the aqueous biomass solution at a determined position (W),m
is the mass of the aqueous biomass solution (kg) calculated
from its experimental density (ρ, kg m−3), cp is the specific
heat capacity of the aqueous biomass solution that was deter-
mined experimentally using differential scanning calorimetry
(kJ kg−1 °C−1), and dT/dt is the temperature gradient with the

Table 1 Fitting model results of the densities of the aqueous solutions
containing biomass according to the stepwise regression method

Coefficient Value p (<0.05) R2
adj MRE (%)

Intercept 1001.2 – 0.977 0.174
x 465.7 2.679 × 10−22

pH −0.929 1.363 × 10−4

T2 −3.774 × 10−3 1.787 × 10−62

x∙pH −34.364 0.037

pH2∙x 3.759 0.020

– not applied, p probability of the factor F (α = 95%), x biomass concen-
tration (g mL−1 ), T temperature (°C)

Fig. 1 Experimental setup for
determining the acoustic fields
using the calorimetric method

Fig. 2 Experimental (pH = 3 (asterisk), pH = 4 (diamond), pH = 5 (plus
sign), pH = 6 (triangle), and pH = 7 (circle)) and calculated (mesh
(square)) densities of the aqueous solutions of biomass using the
correlated model as a function of the temperature (T) and biomass con-
centration (x)
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amount of time that the aqueous biomass solution was sub-
mitted to the nominal input power levels (°C s−1).
Additionally, if this power (W) is dissipated into the system
from a probe tip with an area of A (cm2), then the acoustic
intensity (I, W cm−2) produced by the ultrasound source is
given by Eq. (2) [34]:

I ¼ P
A

ð2Þ

2.6 Mathematical and statistical analyses

The mathematical and statistical analyses were carried out
using the functions from the computation software Matlab®
version 7.1 (The MathWorks Inc., Natick, MA, USA). The
theoretical and empirical models were fit using the Bnlinfit^
non-linear regression function considering the robust fitting
option. Moreover, when the mathematical modeling requires
selecting a model with the best combination from the

Fig. 3 Residual analysis between
the experimental and calculated
data for the density of the aqueous
solutions containing biomass

Fig. 4 Experimental temperature rates between 0 and 210 s of the
aqueous solutions containing biomass at concentrations of 0.040 g/mL
(circle), 0.060 g/mL (triangle), 0.080 g/mL (square), and 0.100 g/mL

(asterisk) and pH values of 3, 5, and 7 when subjected to ultrasounds
with nominal powers of 120, 160, 200, 240, 280, and 320 W
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experimental factors, the stepwise regression method is used
from the Bstepwisefit^ function by adding or deleting the mod-
el terms that are evaluated from a significance test (p < 0.05)
[35]. Thus, the model established by a stepwise procedure
comprises a set of predictors that have important effects on
the dependent variables and that best explain the response
according to the interactions that are considered [36, 37].
Finally, once the best fitting models were established, residual
analyses were carried out using the Blillietest^ function, which
determine the normal distribution with α = 0.05.

The adjusted coefficient of determination (R2
adj) (Eq. (3))

and the mean relative error (MRE) (Eq. (4)) were used to
evaluate the goodness of fit and accuracy of the estimation,
respectively. A model with a value for MRE below 10% is
considered to have good accuracy [38].

R2
adj ¼ 1− 1−R2

� � n−1
n−m

ð3Þ

MRE ¼ 100

n
∑
n

i¼1

Y−Y*
�� ��

Y
ð4Þ

where Y is the experimental data, Y* is the calculated data from
the regression,m is the number of parameters in the model, n is
the number of experimental data points used in the regression
analysis and R2 is the coefficient of determination.

3 Results and discussion

3.1 Density and mathematical modeling

Figure 2 shows the relationships between density and the bio-
mass concentration and temperature, which were expected.
Because the biomass itself presents a higher density, increas-
ing the biomass concentration results in a greater increase in
the solution. Moreover, as the temperature increases, the vol-
ume occupied by the molecules becomes larger and the den-
sity decreases [39]. There was no statistical influence of pH.

On the other hand, the experimental values of ρ were repre-
sented by the biomass concentration, temperature, and pH in a
simple model by using the stepwise regression method. The

Fig. 4 continued.
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results of the fit model and their statistical validation are shown
in Table 1. Equation (5) shows the simplified model of ρ from
Table 1. The fitted model obtained for ρ shows the first- and
second-order terms for the biomass concentration (x, g mL−1),
temperature (T, °C), and pH. The temperature factor was more
significant, followed by the biomass concentration and the pH.

The accuracy of the model was high according to the sta-
tistical parameter R2adj > 0.997, which is a good adjustment
for ρ compared with the results obtained for agro-wastes, such
as switchgrass, wheat straw, and corn stover (presenting R2

values below 0.930) [49]. The residual analyses between the
experimental and calculated data of ρ by the fitted model
(Eq. (5)) are shown in Fig. 3.

ρ ¼ 1001:2þ 465:7x−0:929pH−3:774

� 10−3T2−34:364x⋅pHþ 3:759x⋅pH2 ð5Þ

The densities of the aqueous solutions containing the ba-
nana flower stalks are important when designing devices for

the industry and in the control of the process. Moreover, the
effects of density during the ultrasonic process are evident
(e.g., in the calculation of the attenuation coefficient [40]
and the mass described in Eq. (1) by the gravimetric method
[24, 26] when the system contains biomass with different
morphologies that occupy the same volume).

3.2 Specific heat capacity correlation, cp

In this work, a cp model from the experimental results pub-
lished by Villa-Vélez et al. [41] was used as a function of the
biomass concentration, pH, and temperature. The model rep-
resented by Eq. (6) resulted in a good, simple description of
the experimental data under all of the conditions studied
(R2

adj > 0.998 and MRE <0.141%) and only involved first
terms.

cp ¼ 4:161−4:161xþ 2:164� 10−4Tþ 1:579� 10−3pH ð6Þ

Table 2 The regression of the linear model at nominal electrical power, biomass concentrations, and pH

U Parameter pH = 3 pH = 5 pH = 7
x x x

0.040 0.060 0.080 0.100 0.040 0.060 0.080 0.100 0.040 0.060 0.080 0.100

120 dT/dt (×10−2) 1.326 1.191 1.083 1.050 1.293 1.192 1.121 1.026 1.308 1.192 1.105 1.036

c 25.993 26.007 25.997 25.995 25.995 26.005 26.003 25.994 25.997 26.004 26.004 25.998

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.016 0.012 0.019 0.017 0.018 0.008 0.015 0.020 0.021 0.012 0.014 0.021

160 dT/dt (×10−2) 1.431 1.341 1.227 1.163 1.431 1.358 1.262 1.163 1.397 1.323 1.248 1.139

c 25.997 25.992 25.996 26.000 25.996 26.006 26.006 25.999 25.991 25.997 25.999 25.988

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.013 0.021 0.016 0.014 0.015 0.017 0.017 0.015 0.030 0.016 0.013 0.032

200 dT/dt (×10−2) 1.579 1.481 1.404 1.312 1.580 1.482 1.359 1.312 1.565 1.499 1.394 1.301

c 25.998 26.004 26.000 25.997 25.999 26.001 25.997 25.999 25.996 26.004 26.001 25.994

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.015 0.012 0.014 0.015 0.015 0.012 0.020 0.013 0.020 0.014 0.016 0.016

240 dT/dt (×10−2) 1.714 1.627 1.587 1.448 1.716 1.608 1.536 1.450 1.677 1.648 1.532 1.418

c 26.000 26.002 26.009 25.999 25.997 25.994 26.002 25.996 25.993 26.007 26.000 25.991

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.014 0.013 0.023 0.018 0.014 0.010 0.015 0.019 0.029 0.020 0.011 0.028

280 dT/dt (×10−2) 1.828 1.769 1.658 1.566 1.858 1.725 1.659 1.592 1.858 1.784 1.670 1.591

c 25.995 26.002 26.000 25.996 26.001 25.998 25.998 25.999 25.998 25.999 26.002 25.998

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.017 0.013 0.015 0.017 0.018 0.020 0.014 0.015 0.017 0.014 0.014 0.014

320 dT/dt (×10−2) 1.982 1.918 1.806 1.717 2.025 1.870 1.833 1.756 2.003 1.929 1.822 1.734

c 25.996 26.002 26.000 25.997 26.002 25.995 26.002 26.002 25.996 25.999 26.005 25.996

R2
adj 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999 0.999

MRE (%) 0.014 0.013 0.013 0.017 0.015 0.019 0.014 0.018 0.008 0.015 0.015 0.015

U nominal input power (W), x biomass concentration (g mL−1 ), dT/dt rate of experimental temperature (°C s−1 ), c initial temperature of experimentation
or the intercept of the graph (°C)
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3.3 Acoustic fields in the aqueous solutions containing
biomass

The relationship between the temperature and the time of ul-
trasound application was linear for all of the nominal input
powers that were tested. Figure 4 shows such a relationship for
120 to 320 W. The temporal temperature variations decreased
as the biomass concentrations decreased for all levels of pH
and power ultrasound (U, W). In contrast, the temporal tem-
perature variations increased as the power ultrasound

increased at each biomass concentration and pH level.
According to Mason et al. [34], cavitation is the main cause
of temperature increases, followed by pressure, viscosity, and
the surface tension of the solution. Moreover, a change in
these properties with time is considered normal, which allows
for anticipated change in the acoustic properties of the medi-
um, which depends on the geometry of the vessel and on the
position of the probe tip.

Thus, the experimental data shown in Fig. 4 can be fit using
Eq. (7) and by using the nlinfit Matlab function with a non-
linear regression.

T ¼ dT
dt

t þ c ð7Þ

In Eq. (7), T is the temperature and c is the intercept,
which corresponds to the initial experimental temperature
(°C).

From Table 2, the accuracy of the regression is good,
with R2

adj ≥ 0.999 and MRE <0.032%. The gradient of
temperature dT /dt ranged from 1.026 × 10−2 to
2.025 × 10−2 °C s−1, and the intercept c was similar to
the ini t ia l experimental temperature (≈ 26 °C).
Furthermore, dT/dt was similar at pH values of 3, 5, and
7, with a lower significance for this factor.

Once the dT/dt and the correlatedmodels for ρ (Eq. (5)) and
cp (Eq. (6)) were obtained, the energy, the power ultrasound
(P), and the acoustic intensity (I) that was transmitted to the
aqueous solutions of biomass were calculated using Eqs. (1)
and (2), respectively. For both acoustic properties, it was as-
sumed that the area of the sound wave jet was proportional to
the base of the sonotrode and the final measured position at
1.0 cm from the top. The results obtained for the acoustic
fields in the aqueous solutions of biomass are shown in
Table 3.

Table 3 shows a direct relationship between the nomi-
nal input power (U), the energy of the power ultrasound
(P), and the acoustic intensity (I) transferred to the aque-
ous solution of biomass. In addition, P and I both de-
crease when the biomass ultrasound increases at each lev-
el of U and pH. Furthermore, the power ultrasound and

Table 4 Fitting model results of
the ultrasound energy of power
and the intensity of the ultrasound
transmitted through the aqueous
solutions containing biomass
according to the stepwise
regression method

Acoustic property Coefficient Value p (<0.05) R2
adj MRE (%)

P Intercept 79.728 – 0.995 0.949
U 25.157 × 10−2 2.284 × 10−79

x −390.840 2.431 × 10−59

I Intercept 30.708 – 0.995 0.949
U 96.891 × 10−3 2.276 × 10−79

x −150.530 2.422 × 10−59

– not applied, p probability of the factor F (α = 95%), x biomass concentration (g mL−1 ), P energy of power
ultrasound transmitted in the aqueous solutions containing biomass (W), I acoustic intensity transmitted in the
aqueous solutions of biomass (W cm−2 ), U nominal input power (W)

Table 3 Acoustic fields of the aqueous solutions containing biomass as
a function of the position (1 cm from the tip of sonotrode (model H40,
Hielscher Ultrasonics GmbH, Germany)), nominal power, ultrasonic
intensity, biomass concentration, and pH

U x P I

pH = 3 pH = 5 pH = 7 pH = 3 pH = 5 pH = 7

120 0.040 97 94 95 37 36 37
0.060 86 86 86 33 33 33
0.080 77 79 78 30 31 30
0.100 73 72 72 28 28 28

160 0.040 104 104 102 40 40 39
0.060 96 98 95 37 38 37
0.080 87 89 88 34 34 34
0.100 81 81 80 31 31 31

200 0.040 115 115 114 44 44 44
0.060 106 107 108 41 41 41
0.080 100 96 99 38 37 38
0.100 92 92 91 35 35 35

240 0.040 125 125 122 48 48 47
0.060 117 116 118 45 45 46
0.080 113 109 109 43 42 42
0.100 101 101 99 39 39 38

280 0.040 133 135 135 51 52 52
0.060 127 124 128 49 48 49
0.080 118 118 118 45 45 46
0.100 109 111 111 42 43 43

320 0.040 144 147 146 56 57 56
0.060 138 134 138 53 52 53
0.080 128 130 129 49 50 50
0.100 120 123 121 46 47 47

U nominal input power (W), P energy of power ultrasound transmitted in
the aqueous solutions of biomass (W), I acoustic intensity transmitted in the
aqueous solution of biomass (W cm−2 ), x biomass concentration (g mL−1 )
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the acoustic intensity transferred to the aqueous solutions
of biomass showed a loss of energy of approximately 19%
at U = 120 W, and an increment of approximately 62% at
U = 320 W. This behavior was observed by Merouani
et al. [16] and Brotchie et al. [42] and was attributed to
the mean bubble size generated in the liquid. The bubble
size is a characteristic of the applied acoustic frequency.
When the bubble size is kept constant and the nominal
input power varies, only the pressure of the jet is affected,
which produces more or fewer bubbles. According to
Hauptmann et al. [43], the cavitation activity is strongly
linked to the movement of the bubbles, and these bubbles
could be essential for propagating the cavitation activity
in the chamber. Beginning at the regions near the
sonotrode, these bubbles could move at velocities of more
than an order of magnitude (m s−1) in the direction of the
acoustic field propagation. This fast movement indicates
strong oscillatory activity due to the translational move-
ment of the acoustic radiation forces, which are character-
istic of wave fields.

With the results obtained from the acoustic fields in the
aqueous biomass solutions (Table 3), a model for the
acoustic properties P (W) and I (W cm−2) as a function
of the nominal input power, biomass concentration, pH,
and position of 1 cm from the sonotrode was obtained
using the stepwise regression method. The model regres-
sion results for both properties and their statistical valida-
tion are shown in Table 4. The residual analyses of the

Fig. 5 Residual analysis between the experimental and calculated ultrasound energy of power (a) and acoustic intensity (b) transmitted in the aqueous
solutions of biomass

Fig. 6 Experimental data (circle) and calculated data (mesh (square)) of the
ultrasound energy of power (a) and the acoustic intensity (b) transmitted in
the aqueous solutions of biomass by the correlated models as a function of
the biomass concentration (x) and nominal power ultrasound (W)
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calculated acoustic properties by the fitting models are
shown in Fig. 5.

Table 4 shows two models (simplified in Eqs. (8) and
(9)) with the same parameters for P (W) and I (W cm−2).
In these models, the biomass concentration (x, g mL−1)
and nominal input power (U, W) influenced the values of
these properties (pH has not influenced). The results of
MRE <0.949 showed a close relationship between the
experimental and modeled values, which is indicated
graphically in Fig. 6.

P ¼ 79:728þ 25:157� 10−2U−390:840x ð8Þ
I ¼ 30:708þ 96:891� 10−3U−150:530x ð9Þ

Equations (8) and (9) are simple models that describe
the behavior of the acoustic fields in aqueous solutions of
biomass when applied to a different nominal power ultra-
sound at a frequency of 24 kHz. Although these results
provide significant information regarding the acoustic
fields in a local position, the procedures involved in this
research can be adapted and applied to identify P and I for
different positions from the sonotrode because the calori-
metric method is the most suitable for this material. The
acoustic field could be predicted by acoustic mapping
[29] or by numerical simulation [28, 44], and can be used
to understand acoustic phenomenon in biomass. Finally,
with the high concentration of biomass in the solution, the
dissipation of the nominal power ultrasound was higher,
which could result in large economic losses at the indus-
trial level if applied. Thus, studies regarding the geometry
of the acoustic system and the capacity of ultrasound pro-
cessing of aqueous biomass solutions at a large scale are
suggested for future studies.

4 Conclusions

Based on the results of the research, was concluded the
following:

It is observed that the calorimetric method is appropriate to
determine the acoustic fields in lignocellulose biomass
pretreated with power ultrasound equipment. However, the
calorimetric method is complicated to apply for long time of
sonication at a low cavitation activity when there is no acous-
tic streaming to ensure homogenous temperature distribution
in the loading medium. In addition, the use of experimental
procedures for determining the specific heat capacity and den-
sity was essential for obtaining more accuracy when calculat-
ing the acoustic fields.

The use of acidified aqueous solutions containing banana
flower stalk at several conditions of concentrations and pH
shows an important trend about studies of pretreatment

methods to obtain fermentable sugars without material costs
for the bioenergy industry. In this case, the acidification of the
water (pH 3 to 7) helps for further stages of pretreatments
(e.g., enzymatic hydrolyses) and does not represent any costs
with effluent treatments.

Finally, the use of computational methodologies as a
finite element method is suggested for future studies to
determine the acoustic fields at different positions of the
sonotrode to model the sound wave propagation, which is
important for the design and construction of acoustic pro-
cessor systems.
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