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Abstract: The search for green composite for sound-absorbing material has increased a significant
interest. In this study, polystyrene (PS) composite foam filled with primary sludge and boiler ash from
pulp mill was produced. The product was characterized using analytical techniques such as FTIR, XRD,
SEM, TGA, and DSC, while the mechanical properties and sound-absorbing coefficient were analyzed
regarding ASTM D 2240 and ASTM E-1050-98, respectively. The results showed that the sludge has 1
crystalline polymorph cellulose from the pulp. The chemical reaction can be seen by the chemical bond
formed during the mixing process. The peak expansion occurred at 1600.44 cm™ indicating the presence
of a C=C functional group of maleic anhydride with polymer and filler. SEM images showed that the
filler was distributed and dispersed into the polymer matrix and no agglomeration was produced. The
sound-absorbing composites had complied 1SO 11654:1997 regarding the sound absorption coefficient
rating level on materials for rooms with sound absorption classes D and C with the value of a. 0.328-
0.793.
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1. Introduction

Noise pollution is a critical issue, especially for those who live in urban areas. The sources of noise
can come from human activities such as road traffics, machinery, electronic devices, industrial and civil
entities which influence the environment, health and our comfort. Acoustic comfort has been revealed
by physicians due to having several problems for human beings such as hearing loss, cardiovascular
diseases, and sleep order, and has become an increasingly important concern for both civil engineering
and urban design [1,2]. Hence, it is needed to produce sound-absorbing material which is applied in
several applications in building, automobile, aerospace industries, and industrial noise instruments [3].

The most widely used precursor for sound-absorbing materials is polyurethane and polystyrene (PS)
foam due to their lightweight and ease of cutting installation [4]. PS is easily amalgamated into concrete
to produce lightweight concrete, and it is recyclable. There are two possibilities of using PS in
construction materials, (i) the waste of PS can be controlled to prevent environmental pollution, (ii) the
new product of PS added resin can be potential construction and insulation materials which are used as
partition walls, floorings, ceiling concretes, brick and outer plaster [5].

Sound-absorbing-based composite materials have several advantages: lightweight, fuel-economical,
and environmentally friendly. In addition, they convert the impact of kinetic energy to some form of
deformation absorbed energy which is higher in energy absorption capacity compared to energy
absorbers made from metallic materials, converting the kinetic energy to plastic deformation energy [6].
PS has been mixed with tragacanth as inner plaster or insulation plaster, it is lightweight, energy savings,
saving building heating and cooling energy [7]. PS-based particleboard composites were used as fire-
resistance, sound-absorbing, and thermal-insulated [8]. In building insulation application, PS and natural
gypsum were combined showing that higher pores of PS increased the thermal conductivity, but de-
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decreased the mechanical properties of the composite. PS also decreased the density of the composite
and improved the absorption compared to the conventional concrete sample. PS and natural rubber were
blended containing bamboo powder as sound damping material. The presence of bamboo increased the
sound absorption coefficient (o) of the composites [10].

Furthermore, bio-based building materials become more attractive to be developed due to their being
inexpensive, renewable resources, reduction of greenhouse gas emissions, and ecofriendly. One example
is hemp concrete which has been widely used in building materials as acoustic dampers [11]. A review
from Madushika 2021 stated that sound absorption coefficients of modified fiber structures have a
comparable value with traditional materials. Therefore, traditional toxic sound-absorbing materials such
as fiberglass and mineral fibers could be replaced using textile fibrous materials by modifying fibers
chemically or physically [12]. Cereal straw has been used as a component of insulation material [13]. A
good sound absorber material has been successfully produced by layered composite materials based on
lignocellulosic waste with low price and minimum impact on the environment, with a medium sound
absorption coefficient (o) = 1 [14]. Raw groundnut shell was reported as a sound-absorbing material and
it can be used as a promising precursor of sound absorption with a sound-absorbing coefficient at
medium and lower frequency [3]. Khalil 2014 studied the physical and mechanical properties of gypsum
plaster composites with the addition of waste additives, e.g. unburnt rice husk blast furnace slag, calcium
carbonate, or polyvinyl alcohol polymer. The mechanical properties of gypsum composite did not
improve with the added wastes; however, it reduced the pollution to a clean environment and low-
economical and suitable for desert buildings or similar climatic conditions [15].

From a previous study, we have reported composite panel-based polypropylene waste, coco fiber,
and sludge as a filler [16]. However, the sound-absorbing capacity has not been measured. In this present
study, foam composite-based-PS was developed as a sound-absorbing material that was mixed with
maleic anhydride, polyurethane primary sludge, and boiler ash from pulp industry. Primary sludge and
boiler ash are by-products produced from pulp and paper industry. Howevwe, the waste has not been
managed well, especially in Indonesia. Hence, it was become a long debate involving the surrounding
community. Therefore, this study is expected be a solution for the utilization of existing waste in the
factory and to produce a green sound absorber material.

2. Materials and methods
2.1. Materials

The materials used in this study were PS-type general-purpose (CgHzg)n, polyurethane (C27HzsN201o),
xylene (CHs)2CsH4, and maleic anhydride (CsH203) purchased from Sigma Aldrich. All materials were
used without further purification. Primary sludge and boiler ash were collected from Indah Kiat Pulp &
Paper Tbk., Riau, Indonesia.

2.2. Preparation of primary sludge and boiler ash

Primary sludge and boiler ash were prepared before using as a filler into PS composite. Firstly,
primary sludge was dried under the sun for 7 days and put into a vacuum oven at 100°C for 6 h. The
dried primary sludge was blended using a blender and sieved with a 400-mesh sieve. Meanwhile, boiler
ash was pulverized to 74 um in dimension. It was then purified using 2 M HCI, boiler ash:HCI (1:10),
and distilled for 2 h. The boiler ash and HCI solution were filtered and washed with distilled water until
pH neutral. The solid product was calcinated at 600°C for 2 h and allowed to cool at room temperature
after the calcination process was finished. Boiler ash was put into a ball mill (Planet PM 200) for 10 h
to obtain a smaller particle size. Finally, primary sludge and boiler ash was characterized using FTIR,
PSA, and DSC.

2.3. Preparation of composite PS/maleic anhydride primary sludge / boiler ash / polyurethane

The amount of 50g of PPS was put in a three-necked flask and added 100 g xylene, 1% maleic
anhydride and 1% benzoyl peroxide. It was reflexed at 100°C for 2 h to produce PS grafed maleic
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anhydride (PS-g-MA). After that, the amount of primary sludge, boiler ash, and polyurethane was mixed
into the reflux and stirred at 100°C for 2h with the composition summarized in Table 1. The compoosite
was then molded using a compression press. It was characteized using FTIR, XRD, SEM, TGA
mechanical, and sound absorption properties.

Table 1. The composition of PS, maleic anhydride, primary sludge, boiler ash,
and polyurethane for PS foam composite

Sample PS PS-g-MA Primary sludge Boiler ash Polyurethane
code (%) (%) (%) (%)
PS1 1000 0 0 0 0
PS2 75 10 10 5 0
PS3 75 10 5 5 5
PS4 70 10 5 5 10

2.4. Characterization

A particle size analyzer (LA-910, Horiba LA-910, Horiba Ltd, Kyoto, Japan) was used to analyze the
particle size distribution of primary sludge and boiler ash which was collected from a by-product of the
pulp industry. Fourier-transform infrared (FTIR) spectrometer (Nicolet 380, Thermal Scientific, Boston,
USA) was used to investigate the chemical structure of samples in a transmission mode with a resolution
of 5 cm™ and 100 scans. The crystallinity of samples was investigated using x-ray diffraction (XRD,
Bruker D8, Bruker Optic GmbH, Germany) with A = 0.154 nm at scanning of 2°/min, a voltage 40 kV,
and a current 200 mA. The morphology of PS composite foam was analyzed using scanning electron
microscopy (SEM, Hitachi TM3030, JEOL, Ltd., Tokyo, Japan). The instrument was operated at 20 kV
with a magnification of 5.000. Thermal analysis of materials was characterized using a thermogravimetric
analyzer (DTA/TG Exzztar SI1 7300, Hitachi medical system, Tokyo, Japan) and differential calorimetry
(DSC) X-DSC7000 (Hitachi medical system, Tokyo, Japan). Both instruments were operated from room
temperature to 600°C with a 10°C/min heating rate. ASTM D 2240 was used as a reference to investigate
the mechanical properties of the composited with dead load hardness tester, shore A, at room temperature.
Finally, the sound absorption of the samples was carried out using an impedance tube according to ASTM
E-1050-98.

3. Results and discussions
3.1 Primary sludge and boiler ash analysis

FTIR spectra of primary sludge and boiler ash are presented in Figure 1. It can be seen that the band
at 3000-3500 cm indicated the OH group in both samples. This area was wider for the sludge than the
boiler ash due to the water content in the sludge being higher. In addition, it was seen that the sludge had
a band at 2850.31 cm™ that corresponded to H-C-H stretching (alkyl, aliphatic). The OH fiber (water
absorption) was seen at 1623.65 cm™, and the vibrations of HCH and OCH bonds (methyl groups)
appeared at 1515.47 cm™. In the sludge, there was also a peak at 706.52 cm™ attributed to crystalline 1
polymorph cellulose from pulp [17]. In boiler ash aromatic ring, C=0 stretching on the ketones, C=C
stretching of hemicellulose, and C=C stretching of vinylidene alkenes appeared at 777.60 cm™, 1621.90
cm™, 1064.25 cm?, and 790.10 cm?, respectively [18].

Thermal analysis of boiler ash and primary sludge was carried out using DSC. The DSC curve for the
samples is shown in Figure 2. From Figure 2, boiler ash and primary sludge has a glass transition
temperature (Tg) at 110°C and 92°C, respectively. High T in boiler ash was probably the material been
heated at high temperature and only a small amount of water was produced, as seen in the FTIR data.
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Figure 1. FTIR spectra of primary sludge and boiler ash

—— Prymarysiudge
Boiler ash

-

Heat o (m ¥y

T T T T
100 200 300 400 00 00

Temperature { G}

Figure 2. DSC thermogram for primary sludge and boiler ash

3.2. FTIR and x-ray analysis

FTIR spectra and XRD patterns for PS composite were shown in Figures 3 and 4. For PS1, there was
a peak in the area of 1492.25 cm™ to indicate the absorption of the (C-H) group as alkyl. For the bond in
benzene, there was an absorption 1600.63 cm™ with strong to weak intensity. The peak of 2922.36 cm™
attributed to C-H bonds with benzene, and the band at 3059.46 cm™ corresponded to (Ar-H) bond
absorption [19]. Additionally, PS composite foam after the addition of polyurethane showed a decrease
in the band 3059.46 cm™. PS characteristics at 1600.63 cm™ also looked sharper. From the FTIR results,
it can be concluded that PS, boiler ash, sludge, and polyurethane have been physically blended ant there
was an interaction between hydrogen groups of the filler and polar maleic anhydride group during the
mixing process as reported in prevision literature [20].

Regarding Figure 4, PS1 has 26 = 15.707° indicating that the polymer was amorphous. For all samples
after the presence of maleic anhydride, sludge, and boiler ash, it was observed that there was a new
diffraction peak in the 20 = 21-21° to indicate the crystalline region. The diffraction peak becomes higher
with the presence of polyurethane as reported by literature [21].
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Figure 3. FTIR spectra of PS1, PS2, PS3, and PS4
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Figure 4. XRD pattern for PS1, PS2, PS3, and PS4

3.3. Morphological characterization

SEM images of PS2, PS3, and PS4 are presented in Figure 5. Before analyzing, the samples were
dried in a vacuum oven at 60°C for 5 h to remove moisture from the samples.

From Figure 5, PS with the addition of maleic anhydride, sludge, and boiler ash had several pores
with relatively small sizes. However, the fillers were well distributed and dispersed into the polymer
matrix and no agglomeration was produced. Morphological analysis for PS3 and PS4 (after the addition
of polyurethane) showed a slight difference in surface morphology. PS3 has a rough morphology, while
PS4 had a solid surface and no pores produced.
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Figure 5. SEM micrograh of: (a)P, (b PS, (c) and PS4

3.4. Thermal analysis

DSC curve (Figure 6) shows that PS 1 had a T 430.79°C. While PS2 and PS4 shifted to 427.13°C
and 397.77°C respectively. The shift in the temperature was due to physical interactions between PS,
maleic anhydride, sludge, boiler ash, and polyurethane as described in the FTIR data. All samples had
three decomposition regions from the TGA analysis (Figure 7). The first decomposition occurred at about
100°C with a mass loss of 2% for PS1 and almost 10% for PS2, PS3, and PS4. The second was occurred
at around 200-300°C for PS1, PS2, and PS4, however, PS3 was lower at 131-371°C. At this stage, all
samples lost mass by almost 20%. Finally, the decomposition was seen at 349-434°C for PS1 with a
residual percent of 0.6%. This decomposition shifted to a higher temperature with a larger percentage of

residue for PS2 at 371-442°C and 9.7%, PS3 and PS4 were at 385-437°C with a residual percent of 12.1%
and 15%, respectively.
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Figure 6. DSC graph of PS1, PS2, PS3, and PS4
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Figure 7. TGA curve of PS1, PS2, PS3, and PS4

3.5. Mechanical properties

The tensile test of PS1, PS2, PS3, and PS4 is presented in Figure 8. In general, the tensile strength for
a composite significantly increased with the presence of filler inappropriate percentage and good
dispersibility [22]. In this study, PS1 has a tensile 6.526 MPa, after blending with maleic anhydride,
sludge and boiler ash (PS2) was 5.670 MPa. A previous study reported that panel added sludge increased
the tensile force by 0.61 N/mm? compared without sludge 0.59 N/mm?. This was related to the panel's
density value, which was better with the addition of sludge (0.9713 g/cm?®) than without sludge (1.093
g/cmq). The thickness of the panel also decreased by 66% after the addition of sludge into the wall panel
[23]. PS3 and PS4 with the composition of polyurethane 5 and 10 respectively had a tensile 4.499 MPa
and 5.765 MPa indicating that higher polyurethane increased the mechanical properties of the composite
foam. It is also reported that the higher peak stress, the better energy absorption performance [24].
Furthermore, the increase in the crystallite value for PS composites contributed to the resulting
composites' mechanical properties, as shown in the XRD result.

Stress (MPa)

—F351
—P52
—P53

——FS4
1 T T T T T T T
2.000 Q.00  Q.004 Q006 Q0003 0010 Q0012 0014 Q016

Strain (%)

Figure 8. Tensile test of PS1, PS2, PS3, and PS4
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3.6. Sound absorption properties

Specimens of sound-absorbing composite foam were prepared with a size of 9.8 cm in diameter and
1 cm in thickness. The sound absorption coefficient of PS composite foam PS before and after adding
polyurethane with a frequency range between 200-1200 Hz can be seen in Figure 9 below.
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Figure 9. Sound absorption of PS1, PS2, PS3, and PS4

In Figure 9, the absorption coefficient of PS3 and PS4 decreased in the range frequency from 200 Hz
to 400 Hz. Meanwhile, PS1 and PS2 increased in the absorption coefficient with the highest value for
PS1 0.793. Sound-absorbing composite foam PS3 experienced a significant increase from 250 Hz to 1000
Hz, while PS4 had an increase from 500 Hz to 1000 Hz. The different coefficient value was due to the
content of cellulose in which sludge and boiler ash had a function for sound absorption. The presence of
polyurethane, sludge, and boiler ash increased the sound absorption of composite foam. Therefore, by-
products of pulp industry can be used as a filler for sound insulation material. Furthermore, the sound-
absorbing composite foam produced has complied with ISO 11654:1997 standards regarding the sound
absorption coefficient level rating on materials for rooms with sound absorption classes D and C with the
value of a 0.328-0.793. Meanwhile, a previous study reported that corn cob granules, shredded sunflower
stalk, and balls made of sheep wool were qualified as an acoustic barrier according to 1SO 10534-1998

[2]

4. Conclusions

Primary sludge and boiler ash from the pulp mill have a particle size distribution in the range 0.1-
110 pm in which primary sludge produced still retains its 1 structure. The sound-absorbing composite
foam based on PS produced by the reflux reactor method is eligible to be applied as a sound absorber.
The chemical reaction between PS, sludge, boiler ash, maleic anhydride, and polyurethane can be seen
by the chemical bonds formed during the mixing process as shown in the FTIR results where the peak
expansion occurs at a wavenumber of 1600.44 cm™ which indicates the presence of C=C functional
group of maleic anhydrides with polymer and filler. The sound-absorbing composite foam produced has
complied ISO 11654:1997 standard regarding the rating level for the sound absorption coefficient on
materials for rooms with sound absorption classes D and C where the value of o 0.328-0.793.
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