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Abstract: There has been increasing interest in new sustainable materials that can be used as
construction materials. Among them, sound-absorbing materials have an important role in both
acoustical room conditioning and in room insulation. As a proposal for recycling, one of the most
common residues in the world, cigarette butts, is studied. Samples were prepared with used cigarette
butts as acoustical absorbent materials. Several samples were prepared and grouped by similarity.
Variability analyses of the samples prepared in each group were performed. Moreover, the analysis
of some possible influences on absorption properties, such as the length of butts, presence of burnt
regions, presence of wrapping paper, etc., were analyzed. The results show the potentiality of this
residue to be used as an acoustical absorbent since the absorption coefficients found are greater than
0.8 for frequencies over 2000 Hz. The observed variability in the study group and samples can be
considered low, as it was below 2% for the major part of frequencies. Influences on the absorption
coefficient, for both the length and status of the butts, were statistically confirmed.

Keywords: sound absorber; cigarette butts; sustainable material; recycling; variability analysis

1. Introduction

Among the different construction materials, there has been special interest in sound absorption
materials [1] that can help both in adapting room acoustics to a particular use and in achieving
better insulation characteristics of different building partitions. The use of industrially manufactured
mineral wools is widely extended for sound absorption in construction although, in recent years, some
alternative materials have been proposed for acoustical absorption [2]. Thus, there are studies on the
acoustical behavior of indoor or outdoor plants [3-5], materials made of natural fibers [6-10], sheep
wool [11], cork wastes [12], and olive pruning wastes [13], to name but a few.

In recent decades, there have been increasing efforts to recycle all the waste materials produced
by human activities. This recycling practice has also emerged in construction materials. Thus, as a
more sustainable option, among the different proposed alternative materials for sound absorption,
some are based on recycling materials [12-15]. These recycled materials have the additional value of
contributing to the elimination of waste materials produced by human activities.

One of the major components of human debris is used cigarette butts. Cigarette filters were
introduced (in the middle of the past 20th century) to reduce the incidence of diseases in smokers.
However, this had a collateral effect, i.e., the fact that the cellulose diacetate (substance from which
filters are mainly composed) is not biodegradable and has only partial photodegradation makes used
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cigarette butts an important environmental concern. It must be considered that, throughout the world,
billons of cigarettes are consumed every year [16,17], and it is expected that the consumption will
increase by more than 50% by 2025 due to the increase in world population and tobacco production [18].
The problem due to this residue is enlarged due to the unfortunately common habit of smokers to
throw cigarette butts on the ground [19,20]. Thus, in studies on the debris composition of places of
garbage collection, such as bins, containers, etc., but also in studies of different human environments
(streets, beaches, etc.), butts are commonly the main component in number and even sometimes in
weight [21-23]. The butts thrown on the ground are transported by rain or river water to coastal
areas, increasing their environmental impact. This environmental impact of used cigarette butts is
related both to their chemical composition [24] and to the difficult degradation of cellulose diacetate,
as mentioned. Some of the 130 chemicals found in cigarette butts have been described. In addition,
many more chemicals (40,000-100,000) have been identified in cigarette smoke, some of which could be
retained in cigarette butts [25]. These chemicals can easily leach into water, making these waters toxic
for some organisms [24,26-28]. Consequently, cigarette butts are a concern in terms of the environment
and public health.

There are some recycling proposals concerning cigarette butts, such as using them as part of
the composition of bricks [29] or supercapacitors [30], or using their washing waters as chemical
inhibitors [31] or as insecticide [32], etc. A revision of different proposals for recycling used butts has
recently been carried out [33]. However, these proposals would not be enough to recycle all the annual
production of this major residue and, certainly, new proposals are welcome. In this sense, our research
group is working on the applying used cigarette butts as acoustical absorbers.

Some preliminary studies have shown the potential of used cigarettes butts for the preparation of
acoustic absorbers [34,35]. However, additional studies are needed to analyze the application of used
cigarette butts for this purpose. For example, whether the variability of the status (used and/or burned),
diameter, and length of the butts can influence their acoustic properties. Additionally, the effect of the
paper covering the cigarette filters is a factor to consider. Moreover, the comparison between used and
unsmoked butts can also be interesting. These considerations are dealt with in this paper.

Taking into account the abovementioned information, the influence of the status, length, and
paper wrapping on the spectrum of sound absorption are analyzed in the present study. For this
purpose, preliminary and careful determination of the characteristics of the cigarette butts was carried
out. Moreover, an appropriate number of similar samples were prepared, and the analysis of the
different measured absorption coefficients is enriched through statistical analysis. A relevant influence
of these factors on the absorption properties of the samples prepared with butts would imply allow for
selective collection and planning for these residues.

2. Materials and Methods

2.1. Instrumentation for Acoustic Absorption Determination

The determination of the sound absorption coefficient of different samples was carried out using
an impedance tube, following the two-microphone transfer function method described in the ISO
10534-2 standard [36].

The measurements were conducted using an Impedance Tube Kit (Type 4206, Briiel & Kjaer,
Neerum, Denmark), equipped with two one-quarter-inch condenser microphones (Type 4187). As the
prepared samples could be considered non-consolidated, the tube was placed in a vertical position
(see Figure 1). The signals were analyzed using a portable PULSE System (Briiel & Kjaer, Neerum,
Denmark) with four input data channels (Type 3560-C). A sample holder, with a diameter of 29 mm,
was used (with a validity in the frequency range of 500 Hz to 6.4 kHz).



Materials 2019, 12, 2584 3o0f15

Figure 1. Impedance tube: experimental setup.

2.2. Preparation of Samples

Smoked cigarette butts were collected from ashtrays or the ground, and the remaining non-smoked

tobacco was then manually separated. Only the cigarette butts were taken.

These remaining butts were nonhomogeneous. The length, diameter, presence of burnt regions,

compression exerted by user’s fingers, humidity, etc., could be different in each butt. In order to
avoid part of the variability introduced by these characteristics, for this study, the cigarette butts were
separated into equivalent groups prior to the preparation of the samples. The diameter and length
of all the cigarette butts were measured before sample preparation. While there are some brands of
cigarettes that use a narrower diameter, for the present study, a diameter of only around 7.5-8.0 mm
was used, as it was the most common diameter among the available cigarette butts.

As the diameter of the butts can be considered very similar, the main variables to consider were

the initial status of the butts (used, or unsmoked, and/or burnt) and their length. Three length groups
were considered:

Length 1 (L1): length = 15.13 + 0.40 mm; diameter = 7.95 + 0.07 mm.
Length 2 (L2): length = 20.67 + 0.22 mm; diameter = 7.64 + 0.06 mm.
Length 3 (L3): length = 26.61 + 0.13 mm; diameter = 7.59 + 0.04 mm.

The following four statuses were established:

Condition 1 (C1): Smoked cigarette butts without burnt regions. Burnt regions were considered
when some hard structure was formed in the cigarette butts due to the burning of a part of
the filter.

Condition 2 (C2): Smoked cigarette butts with burnt regions.

Condition 3 (C3): Smoked cigarette butts without burnt regions and without the paper that
wrapped the filter. The wrapping paper was removed carefully, avoiding loss of the fibrous
material of the filter.

Condition 4 (C4): Unsmoked cigarette butts.
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Each sample was prepared by manually placing 10 cigarette butts in the sample holder of the
impedance tube. This number of butts was selected to avoid high compression of butts in the samples.
At least 10 cigarette butts samples from each group were prepared in order to have an adequate
number of samples to allow for subsequent statistical analyses. The different groups of samples
measured are presented in Table 1, indicating the number of samples prepared (each one with at least
10 different samples, as mentioned), density of samples, and length and diameters of the used cigarette
for each group. Porosity of samples was determined considering the porosity of some individual
butts (calculated by a helium pycnometer) and considering a spherical geometry for the cigarette butts
of samples.

Table 1. Some properties (mean + standard deviation) of the prepared samples. L =length; ¢ = diameter;

p =density; por = porosity.

Length (L) Cigarette Butts Status
C1 2 C3 C4
(Smoked (Smoked with Burnt) (Smoked without Burnt (Unsmoked with
without Burnt) without Wrapping Paper) Wrapping Paper)
20 samples 14 samples
L=154+0.1mm L =147+ 0.1 mm
L1 ¢ =8.01 + 0.02 mm - - ¢ =7.88 +0.01 mm
p =140 + 4 kg/m3 p =97 + 2 kg/m®
por = 0.929 + 0.003 por = 0.931 + 0.001
20 samples 20 samples 10 samples
L=20.8+0.2mm L=205+02mm L=209+0.2mm
L2 b =7.65+0.07mm ¢ =7.63 +0.04 mm b =7.63 +0.08 mm -
p =118 + 7 kg/m3 p =123 + 5kg/m3 p =79 =3 kg/m®
por = 0.935 + 0.008 por = 0.936 + 0.005 por =0.936 + 0.010
20 samples
L =26.6+0.2mm
L3 b =7.59 + 0.04 mm - - -

p =114 + 2 kg/m?
por = 0.936 + 0.005

Some of the prepared samples are shown in Figure 2. As can be seen, the samples present
a particular appearance, as they are nonhomogeneous. Indeed, three different porosities can be
distinguished: Firstly, the porosity due to the presence of voids among the different butts and among
butts and the impedance tube wall (we can call it external porosity); secondly, the porosity peculiar to
the butts (voids between the fibers of the butts) (filter porosity); and, finally, the porosity that the fibers
that compound the filter of the cigarette butt could have (fiber porosity). This triple porosity gives the

samples a complicated structure.
(a) (b) () (d)

Figure 2. Example pictures of some of the prepared samples: (a) Sample from C1 cigarette butts; (b)
Sample from C2 cigarette butts; (c) Sample from C3 cigarette butts; (d) Sample from C4 cigarette butts.

2.3. Statistical Analysis

A variability analysis was performed based on the curves of the absorption coefficients and their
Pearson’s coefficient of variation (CV). Descriptive statistics, such as the mean, standard deviation, and
minimum and maximum values have been considered. Additionally, 95% confidence intervals for the
mean value of the absorption coefficient are presented.
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The coefficient of variation (CV) is defined as the relationship between the standard deviation of
the sample and the average value. It measures the relative dispersion of the data (to what extent the
data is close or far from its average). As this coefficient is dimensionless, it can be used to compare
different datasets regardless of the units of measure.

An analysis of variance for the functional data (functional ANOVA) has been considered to
report statistically significant differences between the curves of different groups of samples in the full
frequency spectrum [37]. Data were transformed to 1/3 of the octave bands and one-way ANOVA
and a t-test (with Bonferroni correction) have been applied to determine if there were statistically
significant differences among the groups in those frequency bands.

Statistical analyses were performed using R software, release 3.6.0 [38]. Package f{dANOVA [39]
was used for the functional ANOVA. Two-sided p < 0.05 were considered statistically significant.

3. Results and Discussion

Firstly, a variability analysis is performed, then combinations of samples are compared and, finally,
the one-third octave bands’ absorption coefficients were analyzed.

3.1. Variability Analysis

As can be seen in Table 1, several samples were prepared for each of the six groups. As mentioned,
the cigarette butts used for the preparation of each group of samples have some similar characteristics
(e.g., similar status, length, and diameter). Nevertheless, as the used butts can have a different
precedence (brand, weather exposure, etc.) or a different compression exerted by user’s fingers,
humidity, etc., it is important to study the observed variability among the different samples inside
each combination.

In a first step, all the absorption coefficients of the six different combinations of samples shown in
Table 1 were represented (see Figure 3).

As can be seen in Figure 3, samples from each group do not present great variability. Despite
the generally low variability, it was not the same for all the frequencies, as in some parts of the
spectrum, the absorption coefficients of the different samples are more similar in value than in other
parts. All measurements present a first maximum in the absorption coefficient, and the variability
was higher under this absorption maximum. An increase in the variability can also be observed at
higher frequencies (over 4500 Hz). Comparing the different groups, the variability of the graphs of
samples with burnt butts (Figure 3d) and that of samples without paper (Figure 3e) was higher than
the variability of the rest of the graphs.

|

o
0

0.8

o
o

0.6

I
»
™

Absorption coefficient (a)

Absorption coefficient (a)
o
N

o

o
s
o
S

1200 2000 2800 3600 4400 5200 6000
400 1200 2000 2800 3600 4400 5200 6000
Frequency (HZ) Frequency (Hz)

(a) (b)

Figure 3. Cont.



Materials 2019, 12, 2584

=
o

Absorption coefficient (a)

o©
o

=
o

o
o

Absorption coefficient (a)
o

N}

o
o

o
o

I o
ES o

©
N

o
o

o
IS

400

400

1200

1200

2000

2000

2800 3600

4400

Frequency (Hz)

(c)

2800 3600

4400

Frequency (Hz)

(e)

5200

5200

Absorption coefficient ()

o
o

6000

=
=

Absorption coefficient (a)
I

)

o
o

6000

=
o

N o o
> o )

o
N

o
0

o
o

N
IS

400

400

1200

1200

2000

2000

2800 3600

4400

Frequency (Hz)

(d)

2800 3600

4400

Frequency (Hz)

(f)

5200

5200

6 of 15

6000

6000

Figure 3. Absorption coefficient of the measured samples: (a) Samples from Group L1-C1; (b) Samples

from Group L1-C4; (c) Samples from Group L2-C1; (d) Samples from Group L2-C2; (e) Samples from
Group L2-C3; (f) Samples from Group L3-C1.

The results shown in Figure 3 were then analyzed through an inferential analysis. For this
purpose, 95% confidence intervals for the mean value of the absorption coefficient were calculated.

The confidence intervals were very close to the mean, as shown in Figure 4. Therefore, these results

confirm the low variability previously indicated in Figure 3.
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Group L1-C1; (b) Group L1-C4; (c) Group L2-C1; (d) Group L2-C2; (e) Group L2-C3; (f) Group L3-C1.

In addition to analyzing the absolute variability, the relative variability was evaluated using the
coefficient of variation (CV). The CV obtained for the different frequencies is shown in Figure 5 and a
descriptive analysis of the obtained values (mean, standard deviation, maximum, and minimum) is
shown in Table 2.
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Figure 5. Coefficient of variation curves of the coefficient of absorption for the different groups of
analyzed samples: (a) Group L1-C1; (b) Group L1-C4; (c) Group L2—-C1; (d) Group L2-C2; (e) Group
L2-C3; (f) Group L3-Cl1.

Table 2. Average, standard deviation, and maximum and minimum of the CV values in a range from
504 to 6400 Hz for each group.

Group Average Stm}dérd Minimum Maximum
eviation

L1-C1 2.08 2.01 0.24 8.48
L1-C4 1.28 1.08 0.10 4.63
L2-C1 1.80 1.49 0.35 6.61
L2-C2 3.03 217 0.94 8.66
L2-C3 2.90 2.77 0.71 14.79
L3-C1 1.37 1.53 0.26 6.41

As in the previous analyses, in Figure 5 and Table 2, it can be observed that all groups of samples
have a low coefficient of variation. The coefficients of variability were less than 10% in all cases,
except in some frequencies of group L2-C3, and in all cases, the averaged CV was lower than 3.03%.
Comparing the different combinations of samples, the highest variability was found in the samples
of groups L2-C2 and L2-C3. Group L2-C2 corresponds to burnt butts, and the fact that the size and
position of the burnt zones were not equal in the different butts can explain this higher variability
among the samples prepared with burnt cigarette butts. Group L2-C3 corresponds to the samples
prepared with butts without the wrapping paper; when the paper is removed, the cigarette sometimes
butt lost its shape, and this can be the reason for the increase in the variability among the samples of
this group. With respect to frequencies, the range from 1000 to 2000 Hz is the most variable. At higher
frequencies, a decrease in variability is first observed, then a slight new increase of variability is
observed from 4400 Hz. Nevertheless, in general, the coefficient of variation is less than 2% from
2800 Hz onwards.
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3.2. Comparison between Samples

In order to analyze whether the presence of burnt regions, the presence of wrapping paper, or the
length in the butts of the samples have a significant influence on the absorption properties of the
samples, we carried out a comparison of the groups of samples that could be considered similar in
some way (located in the same row or in the same column in Table 1).

To analyze the influence of the length of butts in relation to the acoustical behavior of the samples,
the average absorption coefficient for the three combinations of the samples belonging to status 1
(the mean values of the absorption coefficient measured for these samples are shown in Figure 6)
were compared.

1.0
0.9
0.8
0.7
0.6
0.5

0.4

Absorption coefficient (o)

0.3 ——Group L1-C1; length of 15.0 mm
0.2 ——Group L2-C1; length of 20.5 mm
——Group L3-C1; length of 26.6 mm

0.1

0.0
400 1200 2000 2800 3600 4400 5200 6000

Frequency (Hz)

Figure 6. Mean value curves of the absorption coefficient for the three combinations of the samples of
status 1.

It is known that the absorption of a porous material is due to the energy losses of the sound waves
as moving air particles, induced by the wave, interact with the motionless particles near the skeleton or
fibers of the porous material. Thus, the absorption is at its maximum when the maximum particle speed
is located inside the absorbent material. As in the disposition of the measured samples, the porous
material is faced with the rigid termination of the impedance tube, and near this rigid termination,
there is a minimum particle speed with the maximum being located at a certain distance (A\/4) from this
termination. Thus, when the thickness of the sample increases, the maximum absorption of the material
will be shifted to lower frequencies. This shift was observed in the measured samples, as can be seen
in Figure 6. Comparing the absorption coefficient curves, statistically significant differences were
found (p < 0.001) using functional ANOVA for the three groups of samples. The shift in the maximum
absorption frequency with the thickness of butt samples was studied in a previous work [34] showing
that the relationship observed for butt samples was different to the observed for other sample (glass
wool). The shift observed in the samples or the present research was congruent with the observed in a
previous work [34] as can be observed in Figure 7, where results of both studies are compared.
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Figure 7. Variation of the frequency of maximum absorption with the length of cigarette butts of
the samples.

To analyze the influence of the presence of burnt regions and the effect of removing the wrapping
paper on the absorption coefficient, the average absorption coefficient of these two combinations of
samples (groups L2-C2 and L2-C3) were compared with the group of used butts with wrapped paper
and without burnt regions (group L2-C1) (Figure 8). All these samples were composed of used butts
with a similar length (about 20.5 mm).

1.0 1.0

0.9 0.9
0.8 0.8

0.7 0.7

c) c)
£ 06 £ 06
2 = 2 =
S S
£ 05 £ 05
o o
S S
§ 0.4 § 0.4
a a
g 03 £ 03
3 ——Group L2-C1 samples 3 ——Group L2-C1 samples
< 02 < 02
01 ——Group L2-C2 samples 01 ——Group L2-C3 samples
0.0 0.0
400 1200 2000 2800 3600 4400 5200 6000 400 1200 2000 2800 3600 4400 5200 6000
Frequency(Hz) Frequency(Hz)
(a) (b)

Figure 8. Mean value of the absorption coefficient for the three combinations of samples of lengths
of around 20.5 mm. (a) Samples of used butts with paper and without burnt regions (Group L2-C1)
are compared with samples of burnt butts (Group L2-C2); (b) Samples of used butts with paper and
without burnt regions (Group L2-C1) are compared with samples composed of butts without paper
and without burnt regions (Group L2-C3).

As can be seen in Figure 8a, the maximum of absorption occurs at about the same frequency
(around 3000 Hz) for both samples with and without burnt butts, and a similar absorption coefficient
is observed for higher frequencies. Nevertheless, the absorption at frequencies under this maximum
value were clearly lower than in the case of samples composed of used butts without burnt regions.
The slight decrease in the absorption coefficient in the maximum value and the shift of this maximum
to higher frequencies could be explained by considering that burnt regions represent a decrease in
the number of fibers (they have collapsed in the significantly burnt regions) and, thus, the absorption
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efficiency of the material is reduced. This reduction of the absorption efficiency is not appreciable
at higher frequencies, probably due to the fact that, at those frequencies, more than one maximum
particle speed is inside the material. Despite the similar behavior at high frequencies, as mentioned,
the functional ANOVA showed statistically significant differences (p < 0.001) between both groups
(groups L2-C1 and L2-C2).

Regarding the effect of the wrapping paper, in Figure 8b, it can be seen that samples without this
wrapping paper present both a lower absorption coefficient in all spectra, although the differences are
lower with the frequency of the maximum absorption value. Additionally, a shift of the value of the
frequency of the maximum of absorption to higher frequency values can be observed. The first effect
(a decrease in the absorption efficiency) could be explained by the own absorption of the wrapping
paper. It is important to note that the weight in the samples decreased by 34.1% + 2.4% when the
wrapping paper was removed. The second effect (a shift in the frequency of the maximum absorption
to higher frequencies) would be consistent with the described decrease in the thickness of the sample,
but the length of the butt of the samples was the same in both groups of samples. This shift can
be explained, in this case, by the variation of the density of the absorber in the samples, which also
produces a shift in the frequency of the maximum absorption, as previously described [34]. Due to
important differences between both groups of samples, statistical differences were expected; thus,
functional ANOVA also showed statistically significant differences (p < 0.001) between both sample
groups (groups L2-C1 and L2-C3).

Finally, to evaluate the effect of smoking processes on the absorption properties of butts, samples
composed of unsmoked butts (group L1-C4) were compared with samples composed of used butts
with a similar length (group L1-C1) (both with butts of a length of approximately 15 mm) (see Figure 9).
As can be seen in this figure, samples composed of unsmoked butts present a higher absorption with
the frequency of the maximum absorption value than samples composed of used butts. Moreover,
there is a shift of this maximum of absorption to higher frequencies in the case of unsmoked butt
samples. As the unsmoked butt length is slightly lower than the length of the used ones with which
they are being compared, the difference may also be explained by this difference in length, as shown in
Figure 6. In this case, functional ANOVA also showed statistically significant differences (p < 0.001)
between both sample groups (groups L1-C1 and L1-C4).

1.0
0.9
0.8
0.7
0.6
0.5

0.4

Absorption coefficient (a)

0.3

Group L1-C1 samples

0.2

....... Group L1-C4 samples
0.1 P -

0.0
400 1200 2000 2800 3600 4400 5200 6000
Frequency (Hz)

Figure 9. Mean value of the absorption coefficient for the two combinations of samples of a length of
around 15.0 mm.
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3.3. Analysis of the One-Third Octave Bands” Absorption Coefficients

While functional ANOVA indicated that the overall absorption coefficients presented statistically
significant differences among all the compared groups, in some frequency ranges of the graphs (i.e.,
for the high frequencies in Figure 8a), the observed curves were similar. For this reason, the initial
coefficients of the absorption data were transformed into one-third octave bands, and then one-way
ANOVA and a t-test (with Bonferroni correction) were used to compare the one-third octave means in
the different groups of samples. The obtained p-values are shown in Table 3.

Table 3. Obtained p-values for the t-test, with Bonferroni correction, for the different comparisons.
Differences that are not statistically significant are presented in bold.

Obtained p-values

L1-C1 L2-C1 L1-C1 L2-C1 L2-C1 L1-C1
1/3 Octave
Band (Hz) vSs. vs. vSs. vs. VvS. vs.
L2-C1 L3-C1 L3-C1 L2-C2 L2-C3 L1-C4
500 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
630 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
800 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1250 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
1600 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2000 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2500 <0.001 0.26 <0.001 <0.001 <0.001 <0.001
3150 0.53 <0.001 <0.001 <0.001 <0.001 <0.001
4000 <0.001 <0.001 <0.001 0.30 <0.001 <0.001
5000 <0.001 <0.01 <0.001 0.49 <0.001 <0.001
6400 <0.001 <0.001 <0.001 0.08 <0.001 <0.001

As can be seen, there is only one one-third octave band frequency in which differences were not
statistically significant between Group L2-C1 (20.5 mm) and Group L1-C1 (15.0 mm) and, moreover,
only one between Group L2-C1 (20.5 mm) and Group L3-C1 (26.6 mm). These two one-third octave
band frequencies correspond to the overlap among the absorption coefficient data near the maximum
value, which can be observed in Figure 6. With respect to Figure 7, the Group L2—C1 and Group L2-C2
results overlap at higher frequencies (4000, 5000, and 6400 Hz one-third octave bands) and, so, for these
one-third octave band frequencies, no statistically significant differences were observed. For the rest of
the pairwise comparisons, all the one-third octave bands presented statistically significant differences.

4. Conclusions

The studies, carried out with more than 100 samples, showed that samples prepared with used
cigarette butts presented a high absorption coefficient. Thus, the obtained absorption coefficient
values showed that the absorption capacity of the different measured samples were quite high, with
absorption coefficients higher than 0.8 for frequencies over 2000 Hz.

According to this study, the absorption efficiency depends on the presence of burnt regions, the
removal of the paper that wrapped the filter, and the length of the butts used for sample preparation.
This effect was lower when the frequency was higher than the maximum of the absorption frequency.

Shifts in the frequency corresponding to the maximum value of the coefficient absorption were
observed. These shifts could be explained by the different lengths of cigarette butts used in the
sample preparation and the different densities of absorbing materials. This is consistent with the study
presented in [34].

While some characteristics of the used butts could be different between samples (for instance, the
humidity, degree of splashing, brand of the butts, etc.), the variability found in the measured samples
can be considered low. Despite the low observed values of variability, it was observed that the presence
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of burnt regions in the used butt and the removal of the wrapped paper increased the variability of
the samples.

5. Limitations of the Study and Further Studies

The results of this study, despite their potential, present some limitations. Firstly, the obtained
absorption coefficients are valid only for perpendicular incidence. For real applications, a random
incidence absorption coefficient would be desirable. Secondly, the absorption coefficients must be
accompanied by other measured parameters such as flow resistivity, tortuosity, sample porosity, etc.,
in order to understand the acoustical behavior of samples.

With respect to the sample preparation, the chosen distribution of butts will probably not be
adequate for a higher number of samples and other possibly more homogenous samples would
be desirable.

To complete the analysis of the potential to use this recycled product in sound absorption
applications in the construction industry, further studies are necessary which examine samples
prepared with other configurations and samples prepared after cleaning the used butts prior to
sampling preparation. Moreover, better knowledge of the properties of the samples (properties
such as flow resistance, porosity, or tortuosity) would be advisable. Finally, comparisons with other
conventional or sustainable materials would also be necessary.

Author Contributions: V.G.E. designed and performed the acoustical measurements. C.J.P. and G.R.G. designed
and performed the statistical analysis of the data. All the authors contributed in a similar way in the original
drafting preparation and in the review and editing of the final document.

Funding: This research was partially funded by Altadis (Imperial Tobacco), by the European Regional Development
Fund (ERDF), by Junta de Extremadura, Consejeria de Economia, e Infraestructura (Project IB18033), by Agencia
Estatal de Investigacion, Spain (Project MTM2017-86875-C3-2-R) and by Junta de Extremadura, Spain (GR18108
and GR18107). Guillermo Rey Gozalo was supported by the Juan de la Cierva—Incorporacion contract from the
Spanish Ministry of Economy, Industry and Competitiveness (IJCI-2016-28923).

Acknowledgments: The authors would like to thank the researcher Celia Moreno Gonzalez for her help in the
sample preparation and measurement.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Attenborough, K.; Ver, L.L. Sound-absorbing materials and sound absorbers. In Noise and Vibration Control
Engineering, 2nd ed.; Wiley: New York, NY, USA, 2006; Chapter 8.

2. Asdrubali, F; Schiavoni, S.; Horoshenkov, K.V.A. Review of Sustainable Materials for Acoustic Applications.
Build. Acoust. 2012, 19, 283-312. [CrossRef]

3. Attenborough, K.; Bashir, I.; Taherzadeh, S.; Hill, T. Models for acoustical properties of green roof materials.
In Proceedings of the Forum Acusticum 2011, Aalborg, Denmark, 27 June-1 July 2011; pp. 863-868.

4. Iannace, G.; Trematerra, A.; Trematerra, P. Acoustic correction using green material in classrooms located in
historical buildings. Acoust. Aust. 2013, 41, 213-218.

5. D’Alessandro, F,; Asdrubali, F.; Mencarelli, N. Experimental evaluation and modelling of the sound absorption
properties of plants for indoor acoustics applications. Build. Environ. 2015, 94, 913-923. [CrossRef]

6. Glé, P; Gourdon, E.; Arnaud, L. Acoustical properties of materials made of vegetable particles with several
scales of porosity. Appl. Acoust. 2011, 72, 249-259. [CrossRef]

7. Oldham, D.J.; Egan, C.A.; Cookson, R.D. Sustainable acoustic absorbers from the biomass. Appl. Acoust.
2011, 72, 350-363. [CrossRef]

8. Berardi, U.; Iannace, G. Acoustical characterization of natural fibers for sound absorption applications. Build.
Environ. 2015, 94, 840-852. [CrossRef]

9. Mamtaz, H.; Fouladi, M.H.; Al-Altabi, M.; Namasivayam, N. Acoustic absorption of natural fiber composites.
J. Eng. 2016, 2016. [CrossRef]

10. 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]


http://dx.doi.org/10.1260/1351-010X.19.4.283
http://dx.doi.org/10.1016/j.buildenv.2015.06.004
http://dx.doi.org/10.1016/j.apacoust.2010.11.003
http://dx.doi.org/10.1016/j.apacoust.2010.12.009
http://dx.doi.org/10.1016/j.buildenv.2015.05.029
http://dx.doi.org/10.1155/2016/5836107
http://dx.doi.org/10.1016/j.apacoust.2016.08.012

Materials 2019, 12, 2584 14 of 15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

Del Rey, R.; Uris, A.; Alba, J.; Candelas, P. Characterization of sheep wool as a sustainable material for
acoustic applications. Materials 2017, 10, 1277. [CrossRef]

Maderuelo-Sanz, R.; Barrigén Morillas, ].M.; Goémez Escobar, V. Acoustical performance of loose cork
granulates. Eur. ]. Wood Wood Prod. 2014, 72, 321-330. [CrossRef]

Martellotta, F.; Cannavale, A.; De Matteis, V.; Ayr, U. Sustainable sound absorbers obtained from olive
pruning wastes and chitosan binder. Appl. Acoust. 2018, 141, 71-78. [CrossRef]

Maderuelo-Sanz, R.; Barrigén Morillas, ].M.; Martin Castizo, M.; Gémez Escobar, V.; Rey Gozalo, G. Acoustical
performance of porous absorber made from recycled rubber and polyurethane resin. Lat. Am. ]. Solids Struct.
2013, 10, 585-600. [CrossRef]

Khan, A.; Mohamed, M.; Al Halo, N.; Benkreira, H. Acoustical properties of novel sound absorbers made
from recycled granulates. Appl. Acoust. 2017, 127, 80-88. [CrossRef]

Euromonitor International. Passport: Global Market Information Database. 2016. Available online:
http://www.tobaccoatlas.org/ (accessed on 11 June 2019).

Novotny, T.E.; Zhao, F. Consumption and production waste: Another externality of tobacco use. Tob. Control
1999, 8, 75-80. [CrossRef]

Mackay, J.; Eriksen, M.; Shafey, O. The Tobacco Atlas, 2nd ed.; American Cancer Society: Atlanta, GA, USA,
2000; pp. 32-33.

Novotny, T.E.; Slaugther, E. Tobacco Product Waste: An Environmental Approach to Reduce Tobacco
Consumption. Curr. Environ. Health Rep. 2014, 1, 208-216. [CrossRef]

Rath, ].M.; Rubenstein, R.A.; Curry, L.E.; Shank, S.E.; Cartwright, J.C. Cigarette Litter: Smokers” Attitudes
and Behaviors. Int. . Environ. Res. Public Health 2012, 9, 2189-2203. [CrossRef]

Ariza, E.; Jiménez, J.A.; Sardd, R. Seasonal evolution of beach waste and litter during the bathing season on
the Catalan coast. Waste Manag. 2008, 28, 2604-2613. [CrossRef]

Martinez-Ribes, L.; Basterretxea, G.; Palmer, M.; Tintoré, J. Origin and abundance of beach debris in the
Balearic Islands. Sci. Mar. 2007, 71, 305-314. [CrossRef]

Moriwaki, H.; Kitajima, S.; Katahira, K. Waste on the roadside, ‘poi-sute’ waste: Its distribution and elution
potential of pollutants into environment. Waste Manag. 2009, 29, 1192-1197. [CrossRef]

Slaughter, E.; Gersberg, R.M.; Watanabe, K.; Rudolph, ].; Stransky, C.; Novotny, T.E. Toxicity of cigarette butts,
and their chemical components, to marine and freshwater fish. Tob. Control 2011, 20, i25-i29. [CrossRef]
Gong, M.; Khurshid, S.; Poppendiecky, D. What's in a butt? Environmental contamination from airborne
cigarette butt emissions. Integr. Environ. Assess. Manag. 2017, 13, 549-551. [CrossRef]

Register, K.M. Cigarette Butts as Litter- Toxic as Well as Ugly. Bull. Am. Met. Soc. 2000, 25, 23-29.
Micevska, T.; Warne, M.S.T.].; Pablo, F; Patra, R. Variation in, and Causes of, Toxicity of Cigarette Butts to a
Cladoceran and Microtox. Arch. Environ. Contam. Toxicol. 2006, 50, 205-212. [CrossRef]

Lee, W.; Lee, C.C. Development toxicity of cigarette butts-An underdeveloped issue. Ecofoxicol. Environ. Saf.
2015, 113, 362-368. [CrossRef]

Mohajerani, A.; Kadir, A.A.; Larobina, L. A practical proposal for solving world’s cigarette butt problem:
Recycling in fired clay bricks. Waste Manag. 2016, 52, 228-244. [CrossRef]

Lee, M.; Kim, G.-P; Don Song, H.; Park, S.; Yi, ]. Preparation of energy storage material derived from a used
cigarette filter for a supercapacitor electrode. Nanotechnology 2014, 25, 345601. [CrossRef]

Zhao, J.; Zhang, N.; Qu, C.; Wu, X,; Zhang, J.; Zhang, X. Cigarette butts and their application in corrosion
inhibition for N80 Steel at 90 °C in a hydrochloric acid solution. Ind. Eng. Chem. Res. 2010, 49, 3986-3991.
[CrossRef]

Murugan, K.; Suresh, U.; Panneerselvam, C.; Rajaganesh, R.; Roni, M.; Aziz, A.T.; Hwang, J.-S,;
Sathishkumar, K.; Rajasekar, A.; Kumar, S.; et al. Managing wastes as green resources: Cigarette
butt-synthesized pesticides are highly toxic to malaria vectors with little impact on predatory copepods.
Environ. Sci. Pollut. Res. 2018, 25, 10456-10470. [CrossRef]

Torkashvand, ].; Farzadkia, M. A systematic review on cigarette butt management as a hazardous waste and
prevalent litter: Control and recycling. Environ. Sci. Pollut. Res. 2019, 26, 11618-11630. [CrossRef]

Goémez Escobar, V.; Maderuelo-Sanz, R. Acoustical performance of samples prepared with cigarette butts.
Appl. Acoust. 2017, 125, 166-172. [CrossRef]

Maderuelo-Sanz, R.; Gémez Escobar, V.; Meneses-Rodriguez, ].M. Potential use of cigarette filters as sound
porous absorber. Appl. Acoust. 2018, 129, 86-91. [CrossRef]


http://dx.doi.org/10.3390/ma10111277
http://dx.doi.org/10.1007/s00107-014-0784-x
http://dx.doi.org/10.1016/j.apacoust.2018.06.022
http://dx.doi.org/10.1590/S1679-78252013000300008
http://dx.doi.org/10.1016/j.apacoust.2017.05.035
http://www.tobaccoatlas.org/
http://dx.doi.org/10.1136/tc.8.1.75
http://dx.doi.org/10.1007/s40572-014-0016-x
http://dx.doi.org/10.3390/ijerph9062189
http://dx.doi.org/10.1016/j.wasman.2007.11.012
http://dx.doi.org/10.3989/scimar.2007.71n2305
http://dx.doi.org/10.1016/j.wasman.2008.08.017
http://dx.doi.org/10.1136/tc.2010.040170
http://dx.doi.org/10.1002/ieam.1892
http://dx.doi.org/10.1007/s00244-004-0132-y
http://dx.doi.org/10.1016/j.ecoenv.2014.12.018
http://dx.doi.org/10.1016/j.wasman.2016.03.012
http://dx.doi.org/10.1088/0957-4484/25/34/345601
http://dx.doi.org/10.1021/ie100168s
http://dx.doi.org/10.1007/s11356-017-0074-3
http://dx.doi.org/10.1007/s11356-019-04250-x
http://dx.doi.org/10.1016/j.apacoust.2017.05.001
http://dx.doi.org/10.1016/j.apacoust.2017.07.011

Materials 2019, 12, 2584 15 of 15

36. 1SO 10534-2. Acoustics: Determination of Sound Absorption Coefficient and Impedance in Impedances Tubes. Part 2:
Transfer-Function Method; ISO: Geneva, Switzerland, 1998.

37. Cuevas, A.; Febrero, M.; Fraiman, R. An ANOVA test for functional data. Comput. Stat. Data Anal. 2004, 47,
111-122. [CrossRef]

38. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing:
Vienna, Austria, 2019; Available online: https://www.R-project.org/ (accessed on 11 June 2019).

39. Gorecki, T.; Smaga, L. fd ANOVA: Analysis of Variance for Univariate and Multivariate Functional Data. R
Package Version 0.1.2. 2018. Available online: https://CRAN.R-project.org/package=fd ANOVA (accessed on
11 June 2019).

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.csda.2003.10.021
https://www.R-project.org/
https://CRAN.R-project.org/package=fdANOVA
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Instrumentation for Acoustic Absorption Determination 
	Preparation of Samples 
	Statistical Analysis 

	Results and Discussion 
	Variability Analysis 
	Comparison between Samples 
	Analysis of the One-Third Octave Bands’ Absorption Coefficients 

	Conclusions 
	Limitations of the Study and Further Studies 
	References

