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Abstract

Finding eco-friendly alternatives to the synthetic materials used for acoustic application in
building industry is necessary to address environmental sustainability. Biocomposites of
natural fibers combined with a biopolymer matrix emerge as a promising approach. In this
study, soy protein biocomposites were prepared with 10, 15, and 20 wt% sheep wool and
were added spent coffee grounds by freeze-drying to create fibro-porous biocomposites
for acoustic applications. Transmission loss (TL) measurements underlined good behavior
as sound insulators, with maximum values around 22 dB at 2500 Hz and even better
performance than those of commercial synthetic solutions. The obtained sound absorption
coefficients were competitive, as they almost reached unity at medium and high frequencies.
Airflow resistivity was determined, and values were higher for the biocomposites with
coffee grounds, specifically 14-18 kPa-s:-m~2 vs. 5.62-11.6 kPa-s'm~2. Using the input
of the measured airflow resistivity, an empirical model using a genetic algorithm was
developed as a prediction tool for the sound absorption performance of the samples. All in
all, results showcase the feasibility of employing the studied biocomposites as competitive
sound insulators and absorbers in building construction industry.

Keywords: biocomposites; sheep wool; sound insulation; airflow resistivity; sound absorption

1. Introduction

The construction industry is among the largest consumers of energy and raw materials
worldwide [1,2]. Within the EU, it contributes to nearly 40% of emissions and accounts for
almost a third of all waste generated. Only around 40% of construction waste undergoes
recycling or reuse during building demolition [3]. In this context, the 2030 Agenda [4]
includes within its goals the need for sustainable cities and communities (11th goal) while
ensuring good health and well-being (3rd goal). Therefore, there is an interest in obtaining
appropriate noise insulation and noise control, as today noise is a major pollutant that
interferes in human activities and causes innumerable health problems.

If the focus is cast on sound and thermal insulating materials for building industry,
glass wool and stone wool account for 60% of the European market [5]. Yet, from a circular
economy point of view, there is no current closed loop solution to treat and recycle the glass
wool waste generated during construction and/or demolition/deconstruction activities [6].
This waste of glass wool, if not reused on-site for little added value use like filling gaps, for
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instance, is most times landfilled [7]. In an evaluation of insulation materials according to
environmental criteria that consider production and use, glass wool and stone wool are in
a medium-high position of impact, mainly because of their production process [5].

Regarding a sustainable approach, secondary raw materials are materials recovered
from waste and end-of-life products by recycling. They constitute a pivotal axis in the
circular economy strategy [8,9], as they allow closing the loop and continuing the cycles
of production and usage. In particular, sheep wool waste could develop into a useful
secondary raw material. Nowadays, they still constitute a problem to be addressed by
many local producers all around the world, because less and less breeds are attractive for
being exploded in the textile market [10,11]. This business, which was lucrative in the past,
has decayed due to the new consumption trends and the massive introduction of synthetic
alternatives. Because of the polluting effect in soil or air of wool residues [10,12,13], farmers
are forced to pay expenses for their sheep waste to be retired and treated. At the same time,
although usage of wool that is not related to the textile industry has been studied [12,14-16],
wool use is not extended and landfilling and incineration are still the conventional treating
methods [12].

Trying to tackle those problems, performance and competitiveness of biocomposites
of sheep wool with soy protein for application in building acoustics were evaluated in
several works. First, by the determination of sound absorption coefficient and airflow
resistivity [17,18] for samples with thicknesses typical of solid panels in double walls. This
analysis revealed a performance that can compete with other natural origin alternatives and
even synthetic commercial materials. Subsequently, spent coffee grounds were added to the
formulation to increase the resistance against insects such as carpet beetle and clothe moth,
and thermal behavior and sound absorption properties of the resulting biocomposites
were evaluated [19]. This point is important, as materials sandwiched in building walls
need to work in both types of insulation. Also, an empirical model for the prediction of
sound absorption coefficient was developed based on the Delany-Bazley model, using an
iterative method. Coffee grounds efficiently preserved biocomposites against the attack
of clothe moth and carpet beetle larvae, while thermal properties were well within the
commercial standards.

In this work, biocomposites with spent coffee grounds have been subjected to further
acoustic characterization, through the measurement of TL, which is the key parameter for
characterizing at lab scale the sound insulation performance of a material. Additionally,
an empirical model based on a genetic algorithm as a different approach has been used as
a predicting tool for the sound absorption of the biocomposites with coffee grounds. To
develop and assess the suitability of the model, sound absorption coefficient and airflow
resistivity have also been measured. As a result, sheep wool and coffee grounds residues
as well as soya oil production by-products have been valorized and re-introduced in
the circular economy chain, and it has been demonstrated that they constitute a feasible
sustainable alternative to be used for acoustic applications in building construction.

2. Materials and Methods
2.1. Materials

Raw sheep wool of Latxa breed, characteristic of the Basque Country and Navarre
(northern Spain), was provided by a local shepherdess (Ametzaga de Zuia, Araba, Spain).
Soy protein isolate (SPI, PROFAM 974) was used as a polymeric binder, and it was pur-
chased from ADM Protein Specialities Division (Amsterdam, The Netherlands). Glycerol
(99.5% purity), supplied by Panreac (Barcelona, Spain), was used as a plasticizer. Spent
coffee grounds (C. arabica) were locally achieved and used as an insecticidal additive.
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2.2. Sample Preparation

Raw wool was washed and dried following the procedure described in a previous
work [17]. Raw wool was poured in water at 45 °C for 15 min, then removed. This process
was repeated five times to remove dirt and lanoline. Then, wool was left to dry and stored
in a chamber at 25 °C and 50% relative humidity until the preparation of the biocomposite.
For that, 15 g of SPI, 4 wt% spent coffee grounds (C), and the corresponding amount of
sheep wool (W) to achieve 10, 15, or 20 wt% (both C and W based on SPI dry basis) were
mixed with 500 mL of distilled water and heated to 80 °C for 30 min under continuous
stirring. Subsequently, 20 wt% glycerol (based on the dry weight of SPI) was added, and
the pH was adjusted to 10 using 1 M NaOH. The resulting dispersions were maintained
at 80 °C for additional 30 min while stirring at 150 rpm. At the end, dispersions were
poured into molds and freeze-dried (Alpha 1-4 LD freeze-dryer Martin Chirst, Thermo
Fisher, Waltham, MA, USA) to obtain the biocomposites, named SPIW10C, SPIW15C, and
SPIW20C as a function of sheep wool content, as shown in Figure 1.

(a)

(b)

. ’ A —

Figure 1. Images of soy protein isolate (SPI) biocomposites prepared with spent coffee grounds (C)
by freeze-drying with a sheep wool content (W) of (a) 10, (b) 15, and (c) 20 wt%.
2.3. Measurements of Transmission Loss (TL)

TL is determined by means of impedance tubes according to the ASTM E2611—19
standard [20]. Figure 2 depicts a scheme of the measurement device.

L 4 L &
Mic 1 Mic 4
—_—
O D
‘—
Loudspeaker Test sample Anechoic termination

Figure 2. Device for measuring transmission loss (TL). A couple of microphones are placed on each
side of the test sample.
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The loudspeaker is placed at the end of the tube and generates plane waves. Two of
the microphones are located in the tube between the speaker and the sample, and other
two are placed at the rear end, between the sample and an anechoic termination. The device
symbolizes the description of a transfer matrix of the incident and reflected waves of the
upper and lower paths. In case the matrix coefficients are known, it is possible to obtain TL
according to the following equation [20]:

ejks _ le

— 201og; | Hy| 1)

where s is the distance between microphones, k is the wavenumber, Hi; and H3y4 repre-
sent the transfer function between microphones 1 and 2 (pre-sample), and 3 and 4 (post-
sample), respectively. The relationship between the autospectra and H; is defined by the

Hy = /|S4/Sul ()

where S, is the autospectrum that precedes the sample, and S; is the autospectrum after

equation [20]:

the sample.

2.4. Measurements of Sound Absorption Coefficient

Sound absorption coefficient at normal incidence was measured using the
two-microphone transfer function technique and an impedance tube (Kund’s tube), ac-
cording to ISO 10534-2:2024 [21]. In the transfer function method, a broadband stationary
random signal is used, and the sound field is decomposed into incident and reflected
waves [22]. The standing wave tube had an inner diameter of 40 mm. Two %-inch
laboratory-grade microphones (Bruel & Kjaer 4189, Madrid, Spain), connected to their
respective preamplifiers (Bruel & Kjaer ZC0032, Madrid, Spain), were mounted flush with
the tube walls. To allow obtaining measurements in the 125-3150 Hz frequency range, a
distance between the microphones of 32 mm was adjusted. A loudspeaker (Beyma CP800TI,
Valencia, Spain) was placed at one end of the tube, and the opposite extreme was closed
with a sample holder beneath a rigid termination. The microphone signals were processed
in real time by an FFT signal analyzer (Bruel & Kjaer Pulse C3560-C, Madrid, Spain), pro-
viding a broadband random signal as input to the loudspeaker. The measurement system
was controlled by a notebook. The device set-up is shown in Figure 3. Three samples were
measured to obtain each experimental value.

L L Rigid termination
Mic 1 Mic 2 v

Jav

\wa

Loudspeaker
Test Sample

Figure 3. Scheme of the experimental arrangement (impedance tube or Kundt’s tube) used to
measure the sound absorption coefficient. Both microphones are mounted at the same side of the
sample tested.

2.5. Measurements of Airflow Resistivity

Airflow resistivity is directly related to the capacity of the material to absorb sound
energy, and it is defined as the resistance experienced by air as it passes through a material
with a specific thickness (d). Airflow resistivity can be calculated as the quotient between the
ratio of the difference in air pressure across the material relative to atmospheric pressure
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(Ap), to the volumetric ratio of air flow through the material. This is mathematically

expressed as [23]:
_Ap

where V is the velocity of the airflow passing through the specimen cross-sectional area [24].

o

Airflow resistivity has been determined according to the standardized testing pro-
cedure described in ISO 9053-1:2020 [24]. This method is based on passing steady-state
airflow through a sample. Annex A of this standard indicates that the airflow resistivity
measurement can be estimated by measurements on impedance tubes. The indirect method
of Ingard and Dear (1985) [25] has been validated by various studies as a valid procedure
for estimating the airflow resistivity of porous materials. Using a cylindrical impedance
tube with a rigid end, a sound source and two calibrated microphones placed before and
after the sample, the value of the material’s air flow resistivity can be obtained.

In this study, the Ingard and Dear method [25] was used to carry out tests of the sheep
wool/SPI biocomposites with added coffee grounds. The test set-up diagram can be seen
in Figure 4.

Mic 1 Mic 2

AN

\Z

Loudspeaker

Test Sample Rigid termination

Figure 4. Scheme of the experimental set-up used to measure the airflow resistivity. Both microphones
are mounted at different sides of the sample.

2.6. Empirical Model

The most common model to describe the acoustic behavior of fibrous materials is
the one developed by Delany and Bazley (1970) [26]. Using this model, only the deter-
mination of the airflow resistivity (¢) of the porous material is necessary to calculate
acoustic impedance. The Delany and Bazley relationships provide the following fits, in
MKS units [26]:

ze = pc(1+ o x~ 2 — jesx ™) 4)

ke = < (14 esx % — jox ) ©)

where z. is the characteristic wave impedance, k. is the characteristic sound propagation
constant, p is the air density, ¢ is the sound speed, w is the angular frequency (w = 27f), f is
the frequency, C; (i =1,. . .,8) are eight numerical coefficients, and x = pf /o is a dimensionless
parameter [27]. These empirical formulae provide accurate results in the 0.01 < x < 1.0
range [28].

The surface impedance (z;) is [18]:

zs = —jzccoth(ked) (6)
where d is the thickness of the material.
The normal incidence sound absorption coefficient (&) is determined as [18]:
2

Zs — pc
zs + pc

A=1-—
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To perform the adjustment, an error function that compares the estimated acoustic
impedance with the measured one is programmed. A quadratic error function is con-
structed [18]:

N
&€ = Z(Zi - Zi)z (8)

where Z; is the impedance measured for a sample at the i-th frequency, and Z; is the corre-
sponding estimated value. To minimize the function, a genetic algorithm was programmed
in MATLAB R2025a, which does not require initial iteration and allows to limit the range
of the coefficients C;(i = 1,...,8) to be obtained.

The genetic algorithm solves optimization problems with any type of constraints.
It operates by generating an initial population and then creating successive generations
through random mutations. In each generation, it selects the individuals that best fit the
objective and uses them to produce new mutations. In the implementation, all coefficients
to be adjusted are constrained between 0 and 1. The stopping criteria are either reaching a
maximum of 200 generations or achieving a tolerance of 10°. If the tolerance is not met,
the algorithm returns the best result obtained from the 200 generations.

The eight coefficients in Equations (4) and (5) must be calculated specifically for each
type of absorbing material, since each porous structure has its own characteristic features.
Providing this, the Delany-Bazley model can be successfully applied to predict the sound
absorbing behavior of different materials, including those based on natural fibers.

3. Results and Discussion

TL is a fundamental parameter to characterize sound insulation performance at in-lab
measurements. It refers to the reduction in sound intensity as it passes through a barrier
like a wall or partition. This is a measure of how well a material or structure blocks sound,
and a higher TL indicates better soundproofing. In this sense, it is related to the material’s
inherent sound-blocking capacity. To determine it, conditions in the measuring device
tube are carefully designed to avoid transmissions that are not perpendicular to the tested
sample, and thus axial to the direction of the tube.

Despite this, this special lab environment is not the case in real working performance
of the material; when a sound-insulating material works in situ, it is impossible to subtract
the effect of the surrounding sound transmissions, via adjacent walls or partitions, the
so-called indirect paths. Thus, it is of paramount importance the way that the insulation
material is mechanically coupled with its environment. Moreover, materials that are not
inherently efficient at blocking sound can constitute powerful soundproofing structures,
when combined with other materials with complementary mechanical and microstructural
properties by means of appropriate couplings.

As a result, it is more proper to talk about insulating systems rather than about insu-
lating materials, as materials never work alone on their own. Nevertheless, determination
of TL is crucial to understanding the soundproofing capacity of a given material, and it
is indispensable when characterizing it. For this reason, this analysis complements the
acoustic characterization carried out in a previous publication [19] and is necessary to
assess the viability of biocomposites with coffee grounds for acoustic application.

Obtained values for TL are given in Figure 5. Table A1 shows the ANOVA analysis
of statistically significant differences among values of the same frequency. Curves show
an overall increase in TL as the frequency increases, with a valley at 1250-2000 Hz and a
sudden decrease above 4000 Hz. As the ANOVA analysis shows, the best biocomposites for
sound insulation appear to be SPIW10C and SPIW20C, as they display the highest TL values,
22.24 £ 0.01 dB and 21.95 £ 0.06, respectively, at 2500 Hz, the typical frequencies of human
speech and maximum sensitivity of human audition, with no significant difference between
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both values. Moreover, both biocomposites exhibit consistently high values around 19 dB
at 3150 and 4000 Hz. Nevertheless, the significantly highest record is achieved by SPIW20C,
with 22.8 4 0.3 dB at 1000 Hz.

T T T T T
25 4
— b 4
= il
T 20+ \z
|
= .
B 151 1
(@]
|
5
‘@ 10 il
0
=
2 o —a— SPIW10C
§ —s— SPIW15C _
—v— SPIW20C
0 -
250 500 1000 2000 4000 8000

Frequency (Hz)

Figure 5. Transmission loss (TL) for the soy protein isolate (SPI) biocomposites with sheep wool
(W) and spent coffee grounds (C), SPIW10C, SPIW15C, and SPIW20C biocomposites, as a function
of frequency.

In addition, if the mean value of TL is calculated for all frequencies (as shown in
Table 1), SPIW10C and SPIW20C are the best performing biocomposites overall, with
values of 14.1 and 14.6 dB, respectively. It is remarkable that all the biocomposites have
densities of 60-75 kg/cm? (see Table 1), they do not show significant differences among
them (lying within the error) and, thus, density does not seem to play a key role, explaining
a better insulating behavior for SPIW20C. Biocomposites of this work show TL values that
are even higher and, thus, better than TL values of commercial synthetic materials [29-31].

Table 1. Density, thickness, mean TL at all frequencies, airflow resistivity, and airflow resistance of
SPIW10C, SPIW15C, and SPIW20C biocomposites.

. . Airflow

Samples De“S‘gy Thickness Mean TL Airflow Resistivity (kPa s m—2) Resistance
(kg/m?>) (mm) (dB) 1

(Pasm™1)

SPIW10C 728 16.9 £ 0.9 14.1 14 £5 200 + 100
SPIW15C 62=+1 21.7+04 13.2 15£2 330 £ 50
SPIW20C 67 £3 18.8 £0.5 14.6 18 £2 330 £+ 60

Results for the normal incidence sound absorption coefficient of the biocomposites
SPIW10C, SPIW15C, and SPIW20C are shown as a function of frequency in Figure 6.
Table A2 presents the ANOVA analysis of statistically significant differences among values
of the same frequency.
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Figure 6. Sound absorption coefficient at normal incidence for the soy protein isolate (SPI) bio-
composites with sheep wool (W) and spent coffee grounds (C), SPIW10C, SPIW15C, and SPTW20C
biocomposites, as a function of frequency.

The absorption coefficient curves observed exhibit the typical behavior of sound
absorbing fibro-porous materials, showing low absorption at lower frequencies, which
increases as the frequency rises. Regardless of the biocomposite composition, all samples
demonstrate absorption coefficients approaching unity at higher frequencies, despite the
low thickness of the samples at around 20 mm. Among the different samples, SPIW15C
and SPIWC20 demonstrate the significantly highest values at the range of 630-800 Hz.

The shift in maximum frequency with composition can be associated with a quarter-
wavelength resonance effect. In previous studies [32], mixtures were also analyzed and
it was observed that the peak frequencies varied depending on the mixing ratio. The
materials composing the samples cause variations in the speed of sound propagation
through the medium. As the speed of sound changes, so does the quarter-wavelength
resonance, resulting in a shift in the frequency peak. This effect was also observed in
previous studies [33], where natural fibers were used as the base material.

The airflow resistance and airflow resistivity (airflow resistance/sample thickness)
determined in this work are given in Table 1. In the Spanish legislation there is a require-
ment of a minimum airflow resistivity value for building materials to be applied; this value
is required by the Building Technical Code (2006) [34]. The material catalogue linked to
this Code specifies a minimum airflow resistivity of 5 kPa-s-m~?2 for use in walls, floors,
or roofs. Additionally, certain prediction expressions, which are only applicable when the
airflow resistivity exceeds 5 kPa-s:-m~2, are provided in the UNE-EN ISO 12354-1:2018
standard [35].

The maximum value obtained in this work is 18 4+ 2 kPa s m~2 in the case of SPIW20C,
and the lowest one, 14 + 5 kPa s m~2 for SPIW10C. Thus, these values of airflow resistivity
almost triple the required minimum, which underscores the potential of these biocom-
posites for constituting an alternative to synthetic materials. They also outperform the
values of biocomposites without spent coffee grounds, namely 5.62 kPa s m~2 for SPIW10,
10.3 kPa s m 2 for SPIW15, and 11.6 kPa s m~2 for SPIW20 [18]. Itis interesting to note
that SPIW20C is the most efficient sound absorbing material studied in this work, as it
shows the highest airflow resistivity and high sound absorption coefficient values at the
630-800 Hz range. Both parameters are related since the parameter that most significantly
influences the increase in the absorption coefficient is airflow resistance, which is defined as
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the flow resistivity multiplied by the material thickness. The higher the airflow resistance,
the greater the sound absorption, and the more it shifts toward lower frequencies. Theoreti-
cally, doubling this parameter would shift the absorption curve toward lower frequencies
and generally increase the absorption coefficient. This behavior can be modeled using
Equations (6) and (7). Porosity and tortuosity are also influential parameters, but as shown
in the model, the most critical one is flow resistivity.

It is worth mentioning that good performance at sound absorption does not guaran-
tee a good performance at inherent soundproofing, or vice versa; on the contrary, these
properties are often in contradiction, and the optimal density ranges for the corresponding
materials are different. In this context, it is remarkable to observe how SPIW20C displays
the best records of the biocomposite series in both aspects. On the one hand, sound ab-
sorption capacity can be related with a fibro-porous microstructure with tortuous paths for
sound transmission, which increase viscous losses and energy dissipation. This is the case
for the biocomposites of this work. In this direction and within certain limits, increasing
open porosity while decreasing volume density may increase sound absorption capacity, as
sound encounters more surfaces at its propagation. In a previous work [19], porosities of
the SPIWC series biocomposites were determined to be around 87-89%, but they did not
show significant differences among them, and neither did volume density, as explained
above. On the other hand, sound insulation typically requires higher volume densities for
noise reduction, because the increased mass and stiffness make it harder for sound waves
to pass through a structure. In this study, all the biocomposites analyzed, and particularly
SPIW20C, seem to have achieved a good compromise, because measured values are rele-
vant and competitive in both facets. As it has been mentioned, density values of the SPIWC
biocomposites are around 62-72 kg/m?>, and they can be considered medium densities
for sound absorption (low: 45-60 kg/m?, and high: 80-140 kg/m?), but low densities for
sound insulation (high: above 140 kg/m?). In comparison to the SPIW series, addition of
coffee grounds increased volume density (SPIW10, 53.0 kg/ m3; SPIW15, 54.2 kg/ m3; and
SPIW20, 61.2 kg/m?3 [18]), but it seems that this increase has not cogged open porosity, as
airflow resistivity and sound absorption are higher for the SPIWC biocomposites.

With the input of the measured airflow resistivity values, Equations (4) and (5) pro-
vided a model of sound absorption for each composition. Table 2 shows the results of the
adjustment of the implemented genetic algorithms.

Table 2. Fitting coefficients in Equations (4) and (5) determined for SPIW10C, SPIW15C, and SPTW20C
biocomposites.

Samples C C, Cs Cy Cs (@ Cy Cs 3

SPIW10C 0.8449 0.4074 0.0227 0.0098 0.4344 0.0602 0.4441 0.6054 1.8012

SPIW15C 0.5927 0.1071 0.2424 0.1297 0.5499 0.1220 0.3297 0.3919 1.5930

SPIW20C 0.4150 0.6861 0.1369 0.0260 0.2859 0.2873 0.1350 0.9966 2.1308
* 0.0571 0.7540 0.0870 0.7320 0.1890 0.5950 0.0978 0.7000

* The coefficients of the Delany and Bazley formula are shown for comparison.

Figure 7 presents the experimental results of the sound absorption coefficient at normal
incidence as a function of frequency, along with the corresponding results obtained by the
empirical model using the best-fitting coefficients from Table 2. Figure 7 depicts the adjust-
ments of all samples, both in normalized acoustic impedance module and in the absorption
coefficient at normal incidence. The model adequately adjusted the values for all samples
and, therefore, it constitutes a useful predicting tool for the sound absorbing behavior of
biocomposites. Similar genetic algorithms have been applied in the bibliography to predict
sound absorption coefficients of natural absorbers. For example, Putra et al. (2021) [36]
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have studied kenaf fibers as a test material with good results, for a modeling method that
can be applied for other natural fibers. In this case, the function of the genetic algorithm
compared the experimental absorption coefficient and the predicted absorption coefficient
calculated from the Johnson-Champoux-Allard (JCA) model. These authors have analyzed
the sound absorption coefficient of natural durian husk fibers according to an analogous
methodology [37].

125 250 500 1000 2000
1 T T

(a)

0.8

06 -

0.4

—— Model ]
1

02|

Sound absorption coefficient

0 1 1 1

08 |-

06 -

04 |
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—=— SPIW15C
0 1 1 1 1

()

02|

Sound absorption coefficient Sound absorption coefficient

0.8 - E
0.6 4
0.4 - E
02 L —— Model |
—— SPIW20C
0 1 1 1 1
125 250 500 1000 2000

Frequency (Hz)

Figure 7. Sound absorption coefficients at normal incidence as a function of frequency for the soy
protein isolate (SPI) biocomposites with sheep wool (W) and spent coffee grounds (C): (a) SPIW10C,
(b) SPIW15C, and (c) SPIW20C.

4. Conclusions

In this work, sustainable biocomposites were prepared with the aim of valorizing
bio-wastes such as sheep wool and spent coffee grounds. As far as TL and sound insulation
are concerned, SPIW20C samples exhibited the best acoustic behavior. Furthermore, the
obtained values were competitive and even better than those of commercial options. For
all biocomposites, sound absorption coefficients rose as the frequency increased, and at
high frequencies they almost reached one, which is the optimal top value. Additionally,
airflow resistivity of sheep wool/soy protein biocomposites was determined experimentally
and values almost triple the required minimum of 5 kPa s m 2. SPIW15C and SPIW20C
exhibited the best sound absorption coefficient whereas airflow resistivity values were better
for SPIW20C. The balanced compromise between good performance at sound insulation
and at sound absorption is a key point of this work. Furthermore, an empirical model,
developed based on airflow resistivity values, efficiently predicted sound absorption
coefficients. Therefore, it can constitute a useful tool when designing acoustic solutions,
and it can save energy and reduce costs in this process. Summing up, it can be concluded
that SPIW20C is the most efficient biocomposite overall, confirming the potential of these
sheep wool/SPI biocomposites as competitive sound absorbers in building construction



Polymers 2025, 17, 2666

11 0f 13

industry, with the added value of their entirely renewable origin and environmentally
sustainable approach.
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Appendix A

Table Al. Transmission loss values (TL) for soy protein isolate (SPI) biocomposites with a sheep wool
content of 10, 15, and 20 wt%. (W). Mean values followed by the same letter at the same frequency do
not differ significantly (p > 0.05) according to Tukey’s multiple range test.

SPIW10C SPIW15C SPIW20C

f (Hz) Mean SD Mean SD Mean SD
100 0.102 0.01 0.09 b 0.01 0.07P 0.00
125 0.102 0.01 0.09 b 0.00 0.08° 0.00
160 0.112 0.00 0.09b 0.00 0.09b 0.01
200 0.112 0.00 0.102 0.00 0.102 0.01
250 0.102 0.00 0.112 0.00 0.102 0.01
315 0.102 0.00 0.112 0.01 0.112 0.01
400 0.092 0.00 0.132 0.01 0.122 0.01
500 0112 0.01 0.152 0.01 0.142 0.01
630 0.152 0.01 0.22°b 0.02 0.212b 0.02
800 0.232 0.00 0.34b 0.03 0.30 @b 0.02
1000 0.352 0.01 0.44 2 0.04 0.402 0.02
1250 0.48 2 0.01 0.57 2 0.04 0.552 0.03
1600 0.67 2 0.02 0.742 0.02 0.732 0.04
2000 0912 0.03 0.932 0.01 0.934 0.03
2500 0.972 0.01 0.982 0.01 0.992 0.01

3150 0922 0.02 0932 0.02 0932 0.02
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Table A2. Coefficient of absorption at normal incidence for soy protein isolate (SPI) biocomposites
with a sheep wool content of 10, 15, and 20 wt%. (W). Mean values followed by the same letter at the
same frequency do not differ significantly (p > 0.05) according to Tukey’s multiple range test.

SPIW10C SPIW15C SPIW20C
f (Hz) Mean SD Mean SD Mean SD
318.75 2952 1.30 3.702 0.29 4234 0.86
400 10.59 2 0.68 10.752 0.66 11.372 0.51
500 3.612 0.59 4,072 0.01 4334 0.58
630 12.712 0.67 13.41°2 0.21 13.652 0.58
800 14.642 0.54 15522 0.22 15.622 0.62
1000 20.75 &b 1.19 19.56 2 0.02 22.76° 0.22
1250 18.432 0.47 17.22b 0.39 17.69 2b 0.16
1600 15242 0.31 14.48 2 0.45 15.002 0.32
2000 14.822 0.16 13.71P 0.12 14.99 2 0.16
2500 22244 0.01 18.84 P 0.38 21952 0.06
3150 19.792 0.63 13.98 P 1.06 17.872 0.33
4000 20.802 2.50 17.012 0.31 17.812 1.72
5000 6.932 0.41 9.622 5.83 12.052 4.79

References

1. Chen, L; Huang, L.; Hua, J.; Chen, Z.; Wei, L.; Osman, A.; Fawzy, S.; Rooney, D.; Dong, L.; Yap, P. Green construction for
low-carbon cities: A review. Environ. Chem. Lett. 2023, 21, 1627-1657. [CrossRef]

2. Schiitzenhofer, S.; Kovacic, I.; Rechberger, H.; Mack, S. Improvement of Environmental Sustainability and Circular Economy
through Construction Waste Management for Material Reuse. Sustainability 2022, 14, 11087. [CrossRef]

3. BUILD UP Team, European Commission. Circular Construction and Materials for a Sustainable Building Sector. Available on-
line: https:/ /build-up.ec.europa.eu/en/resources-and-tools/articles/ circular-construction-and-materials-sustainable-building-
sector (accessed on 5 May 2025).

4. United Nations General Assembly. Transforming Our World: The 2030 Agenda for Sustainable Development. Resolution Adopted
by the General Assembly on 25 September 2015. Available online: https://www.un.org/en/development/desa/population/
migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf (accessed on 5 May 2025).

5. Papadopoulos, A.M. State of the art in thermal insulation materials and aims for future developments. Energy Build. 2005, 37,
77-86. [CrossRef]

6. I-LOOP LIFE on LIFE Public Database, European Commission. Insulation Glass Wool Circular Economy Approach. Reference:
LIFE18 ENV/FR /000046 | Acronym: I-LOOP LIFE. Available online: https:/ /webgate.ec.europa.eu/life/publicWebsite/project/
LIFE18-ENV-FR-000046/insulation-glass-wool-circular-economy-approach (accessed on 5 May 2025).

7. Adediran, A.; Lemougna, P; Yliniemi, J.; Tanskanen, P; Kinnunen, P.; Roning, J.; Illikainen, M. Recycling glass wool as a fluxing
agent in the production of clay- and waste-based ceramics. J. Clean. Prod. 2021, 289, 125673. [CrossRef]

8.  Fellner, J.; Lederer, J.; Scharff, C.; Laner, D. Present Potentials and Limitations of a Circular Economy with Respect to Primary
Raw Material Demand. J. Ind. Ecol. 2017, 21, 494-496. [CrossRef]

9. Smol, M.; Marcinek, P; Koda, E. Drivers and Barriers for a Circular Economy (CE) Implementation in Poland—A Case Study of
Raw Materials Recovery Sector. Energies 2021, 14, 2219. [CrossRef]

10. Camilli, F; Focacci, M.; Dal Pra, A.; Bortolu, S.; Ugolini, F; Vagnoni, E.; Duce, P. Turning Waste Wool into a Circular Resource: A
Review of Eco-Innovative Applications in Agriculture. Agronomy 2025, 15, 446. [CrossRef]

11.  Porubska, M.; Ko6sovd, K.; Branisa, ]. The Application of Sheep Wool in the Building Industry and in the Removal of Pollutants
from the Environment. Processes 2024, 12, 963. [CrossRef]

12. Sun, Y; Li, B,; Zhang, Y.; Dou, H.; Fan, W.; Wang, S. The progress and prospect for sustainable development of waste wool
resources. Text. Res. J. 2023, 93, 468-485. [CrossRef]

13.  Parlato, M.C.M.; Porto, S.M.C. Organized Framework of Main Possible Applications of Sheep Wool Fibers in Building Components.

Sustainability 2020, 12, 761. [CrossRef]


https://doi.org/10.1007/s10311-022-01544-4
https://doi.org/10.3390/su141711087
https://build-up.ec.europa.eu/en/resources-and-tools/articles/circular-construction-and-materials-sustainable-building-sector
https://build-up.ec.europa.eu/en/resources-and-tools/articles/circular-construction-and-materials-sustainable-building-sector
https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf
https://www.un.org/en/development/desa/population/migration/generalassembly/docs/globalcompact/A_RES_70_1_E.pdf
https://doi.org/10.1016/j.enbuild.2004.05.006
https://webgate.ec.europa.eu/life/publicWebsite/project/LIFE18-ENV-FR-000046/insulation-glass-wool-circular-economy-approach
https://webgate.ec.europa.eu/life/publicWebsite/project/LIFE18-ENV-FR-000046/insulation-glass-wool-circular-economy-approach
https://doi.org/10.1016/j.jclepro.2020.125673
https://doi.org/10.1111/jiec.12582
https://doi.org/10.3390/en14082219
https://doi.org/10.3390/agronomy15020446
https://doi.org/10.3390/pr12050963
https://doi.org/10.1177/00405175221098572
https://doi.org/10.3390/su12030761

Polymers 2025, 17, 2666 13 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Popescu, C.; Stanescu, M.D. Eco-Friendly Processing of Wool and Sustainable Valorization of This Natural Bioresource. Sustain-
ability 2024, 16, 4661. [CrossRef]

Altieri, R.; Esposito, A. Evaluation of the fertilizing effect of olive mill waste compost in short-term crops. Int. Biodeterior.
Biodegrad. 2010, 64, 124-128. [CrossRef]

D’Addabbo, T.; Papajova, I; Sasanelli, N.; Radicci, V.; Ren¢o, M. Suppression of root-knot nematodes in potting mixes amended
with different composted biowastes. Helminthologia 2011, 48, 278-287. [CrossRef]

Urdanpilleta, M.; Leceta, I.; Guerrero, P.; de la Caba, K. Sustainable Sheep Wool/Soy Protein Biocomposites for Sound Absorption.
Polymers 2022, 14, 5231. [CrossRef] [PubMed]

Urdanpilleta, M.; del Rey, R.; Leceta, I.; Rodriguez, ].C.; Alba, J.; Guerrero, P. Empirical modelling of the acoustic behavior of
sheep wool/soy protein biocomposites. J. Build. Eng. 2024, 89, 109290. [CrossRef]

Urdanpilleta, M.; Leceta, I.; Martin-Garin, A.; Millan-Garcia, J.A.; Guerrero, P.; Caba, K.D.L. Valorized sheep wool biocomposites
towards a more sustainable building sector: Thermal insulation, sound absorption, and resistance against insects. Dev. Built
Environ. 2025, 21, 100608. [CrossRef]

ASTM E2611-19; Standard Test Method for Measurements of Normal Incidence Sound Transmission of Acoustical Materials
Based on the Transfer Matrix Method. ASTM International: West Conshohocken, PA, USA, 2019.

UNE-EN-ISO 10534-2:2024; Determination of Sound Absorption Coefficient and Impedance in Impedances Tubes—Part 2:
Transfer-Function Method. ISO Publishing: Geneva, Switzerland, 2024.

Fattahi, M.; Taban, E.; Soltani, P.; Berardi, U.; Khavanin, A.; Zaroushani, V. Waste corn husk fibers for sound absorption and
thermal insulation applications: A step towards sustainable buildings. J. Build. Eng. 2023, 77, 107468. [CrossRef]

ISO 9053-1:2020; Acoustics—Determination of Airflow Resistance—Part 1: Static Airflow Method. ISO Publishing: Geneva,
Switzerland, 2020.

Crocker, M.].; Arenas, ].P. Use of sound-absorbing materials. In Handbook of Noise and Vibrations; Crocker, M.]., Ed.; John Wiley
and Sons: New York, NY, USA, 2007; pp. 696-713.

Ingard, K.U.; Dear, T.A. Measurement of acoustic flow resistance. J. Sound Vib. 1985, 103, 567-572. [CrossRef]

Delany, M.; Bazley, E. Acoustical properties of fibrous absorbent materials. Appl. Acoust. 1970, 3, 105-116. [CrossRef]

Berardi, U.; Iannace, G. Predicting the sound absorption of natural materials: Best-fit inverse laws for the acoustic impedance and
the propagation constant. Appl. Acoust. 2017, 115, 131-138. [CrossRef]

Allard, J.F,; Atalla, N. Propagation of Sound in Porous Media: Modelling Sound Absorbing Materials, 3rd ed.; Wiley: Hoboken, NJ,
USA, 2009.

Budtova, T.; Lokki, T.; Malakooti, S.; Rege, A.; Lu, H.; Milow, B.; Vapaavuori, J.; Vivod, S.L. Acoustic properties of aerogels:
Current status and prospects. Adv. Eng. Mater. 2023, 25, 2201137. [CrossRef]

Minetto Garcia Duarte, M.; Zoppi, R.A.; Serpa, A.L. Optimizing acoustic performance: Electrospun Polycaprolactone fiber mat
associated with melamine foam and fiber glass wool. Fibers Polym. 2024, 25, 457-472. [CrossRef]

Figueiredo, A.; Vela, G.; Ascensao, G.; Vettorazzi, E.; Vicente, R.; Oliveira, M. Development of an innovative biocomposite using
coconut fibres and bio-based binder for thermal and acoustic aplications in buildings. J. Clean. Prod. 2025, 491, 144834. [CrossRef]
Serra-Parareda, F; Alba, J.; Tarrés, Q.; Espinach, F.X.; Mutjé, P.; Delgado-Aguilar, M. Characterization of CaCO3 Filled Poly(lactic)
Acid and Bio Polyethylene Materials for Building Applications. Polymers 2021, 13, 3323. [CrossRef]

Reixach, R.; Del Rey, R.; Alba, J.; Arbat, G.; Espinach, EX.; Mutjé, P. Acoustic properties of agroforestry waste orange pruning
fibers reinforced polypropylene composites as an alternative to laminated gypsum boards. Constr. Build. Mater. 2015, 77, 124-129.
[CrossRef]

Building Technical Code, Ministry of Transport, Mobility and Urban Agenda, Spanish Government. 2006. Available online:
https:/ /www.codigotecnico.org/ (accessed on 5 May 2025).

UNE-EN ISO 12354-1:2018; Building Acoustics—Estimation of Acoustic Performance of Buildings from the Performance of
Elements—Part 1: Airborne Sound Insulation Between Rooms (ISO 12354-1:2017). ISO Publishing: Geneva, Switzerland, 2018.
Putra, A.; Oliveira, T.; Souli, M.; Kassim, D.H. Characterizing and modeling of acoustical performance of natural sound absorber.
In Multiphysics Simulations in Automotive and Aerospace Applications; Academic Press: Cambridge, MA, USA, 2021; pp. 49-64.
Putra, A.; Othman, M.N.; Oliveira, T.; Souli, M.H.; Kassim, D.H.; Herawan, S. Waste Durian Husk Fibers as Natural Sound
Absorber: Performance and Acoustic Characterization. Buildings 2022, 12, 1112. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/su16114661
https://doi.org/10.1016/j.ibiod.2009.12.002
https://doi.org/10.2478/s11687-011-0039-x
https://doi.org/10.3390/polym14235231
https://www.ncbi.nlm.nih.gov/pubmed/36501630
https://doi.org/10.1016/j.jobe.2024.109290
https://doi.org/10.1016/j.dibe.2025.100608
https://doi.org/10.1016/j.jobe.2023.107468
https://doi.org/10.1016/S0022-460X(85)80024-9
https://doi.org/10.1016/0003-682X(70)90031-9
https://doi.org/10.1016/j.apacoust.2016.08.012
https://doi.org/10.1002/adem.202201137
https://doi.org/10.1007/s12221-023-00446-8
https://doi.org/10.1016/j.jclepro.2025.144834
https://doi.org/10.3390/polym13193323
https://doi.org/10.1016/j.conbuildmat.2014.12.041
https://www.codigotecnico.org/
https://doi.org/10.3390/buildings12081112

	Introduction 
	Materials and Methods 
	Materials 
	Sample Preparation 
	Measurements of Transmission Loss (TL) 
	Measurements of Sound Absorption Coefficient 
	Measurements of Airflow Resistivity 
	Empirical Model 

	Results and Discussion 
	Conclusions 
	Appendix A
	References

