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In this article, rice hull (RH) was used in the moulding of
polyurethane (PU) foam system. The article analyz-ed
the participation of RH in the chemical reaction of PU
synthesis with Attenuated Total Reflection-Fourier
Transform Infrared spectroscopy method. Besides, the
influence of RH on the formation of pore structure al-
ong with the acoustic performance such as sound
impedance rate, acoustic reflection factor, sound ab-
sorption coefficient, and transmission loss of the
products were studied with the Transfer Function
Method. The results indicated that RH significantly
influenced the uniformity of pore diameter in PU foam.
As the content of RH increased, the sound absorption
peak shifted toward lower frequency region. And the
sound absorption coefficients increased till a threshold
value of RH content.

INTRODUCTION

In recent years, rapid developments of modern indus-
tries and transportations lead to serious noise pollutions,
which have significant adverse effects on the environment
and personal health. One of the effective solutions in
noise control is based on the use of a variety of noise
reduction materials with special structures in terms of
transmission route. In the last few years, new noise reduc-
tion materials have been developed with application of
biomass resources as an ingredient.
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The natural fibers are the most attractive composite
materials due to ecological and economical benefits. These
composites are widely applied in packaging, building,
automotive, and even aerospace industry. Numerous stud-
ies have been carried out to explore the utilization of natu-
ral fibers, including tea-leaf-fiber materials [1], ramie fiber
reinforced poly composites [2], cellulose acetate biocom-
posites [3], polyethylene /wood flour composites [4], hemp
[5], sisal [6], flax [7], jute-pp composites [8], oil palm [9],
and bamboo [10]. Besides, studies are also focus on the
potential of underutilized waste materials-byproducts from
agricultural for industrial products. Efforts have been made
to convert rice, wheat straw, corn stover, and corncobs
into industrially useful products [11-13].

Polyurethane (PU) is one of the most useful three-
dimensional polymers due to its unique features. It has a
wide range of applications as it is light, cheap, and effi-
cient sound insulation. PU is extensively used in acoustic
and calorifuge applications because of its porous charac-
teristics. In addition, the flexible damping characteristic
of polymer foam product makes it an excellent sound-
absorbing material. Mott [14] studied the acoustic and
dynamic mechanical properties of a PU rubber. Scarpa
[15] investigated the trends in acoustic properties of iron
particle seeded auxetic PU foam. Ono [16] discussed the
acoustic characteristics of unidirectionally fiber-reinforced
PU foam composites for musical instrument soundboards.
However, most PU belongs to polyether PU, whose bio-
degradation performance is very poor and may cause
environmental pollution. Currently, along with the
research in polyester PU, the addition of some biodegrad-
able material is also attempted to accelerate the degrada-
tion speed of PU foam.

Modified PU foam possess various advantageous prop-
erties compared with traditional PU foam, such as low
density, high stiffness, impact-proof, low thermal conduc-
tivity, low magnetic conductivity, and good damping.



TABLE 1. The physical and chemical properties of polyols.
Hydroxyl value Acid value Viscosity Molecular
(mg KOH/g) (mg KOH/g) Moisture (%) pH (mPaes/25°C) weight
Polyether polyol HEP-330 N 33-37 <0.1 <0.05 5.0-7.0 800-1000 5000
Polymer polyol TPOP-36/28 25-29 <0.05 <0.05 6.0-9.0 <3500 4000

Rice Hull (RH) is a kind of agricultural waste existing
widely in China, and many researchers use RH as the fil-
ler to prepare polymer complex. Rozman [17] has studied
the mechanical and physical properties of PU-RH compo-
sites, while the effect of coupling agents on RH filled
high-density polyethylene was studied by Panthapulakkal
[18]. Deeptangshu [19] has presented a review of RH
filled polymeric composites. Till date, only a few investi-
gations considered the effect of RH on the sound absorp-
tion characteristics of PU foam. In this study, PU-RH
composites were fabricated to analyze their sound absorp-
tion capacity as well as the acoustic mechanism.

MATERIALS AND METHODS

Synthesis of PU-RH Interconnected Porous Material

The PU foam and PU-RH composites were fabricated by
one step foaming method using polyether polyol HEP-330N,
polyemer polyol TPOP-36/28, deionized water, silicone oil,
catalysts A33 (triethylene diameine, the concentration is
33%), and A-1 (mixture of 70% bis (2, dimethylamino ethyl)
ether and 30% dipropylene glycol), modified MDI (diphenyl
methane diisocyanate, the content of -NCO group is 30%).
The physical and chemical properties of polyols are shown in
Table 1. The proportion of each material compared with the
total mass of polyols (100 fractions in all) is displayed in
Table 2. The RH used in this study was obtained from Chang-
chun Grain and oil processing. The materials for preparing
PU foam were kindly supplied by Changchun Best PU.

The filler RH was dried in a baking oven at 105°C for
approximately 20 h. The specific preparation process of
PU foam and PU-RH composite is described in Fig. 1.
The mould was kept in baking oven for more than 30 min
until it reached the designed foaming temperature. The
mixture was stirred for 10—15 min at high speed of 2,000
r/min with a mechanical stirrer. Poured the mixture into
the mould rapidly at the cream time and postcured for 5
min. For the preparation of PU-RH composites, RH was
weighed 2, 5, and 8% of the total mass of all the raw
materials and then mixed with A component (all the others
raw materials except modified MDI) at room temperature
before mixing with B component (modified MDI).

Measurement Methods

Attenuated Total Reflection-Fourier Transform Infra-
red Spectroscopy (ATR-FTIR). ATR-FTIR of PU
foam and PU-RH composites was recorded on a Perkin-

Elmer spectrometer 2,000 using powder-pressed KBr pel-
lets. FTIR spectra were obtained at a resolution of 2.0
cm™ ' at room temperature in the range of 4,000-500
cm™ ! wavenumber.

Scanning Electron Microscope (SEM). The foams
were aged at 20°C and 50% relative humidity for 24 h
before being cut for analysis. The cell size of the resultant
PU foam and the morphologies of fractured surfaces of
PU-RH composites were observed at room temperature
by a SEM [Hitachi S-2360N, (Tokyo, Japan)]. Before
testing, the samples were sliced and mounted on SEM
stubs with double-sided adhesive tape, and then gold sput-
tered for 5 min to a thickness of about 10 nm under 0.1
torr pressure and 18 mA current to make the sample con-
ductive. The SEM measurements were performed at an
accelerating voltage of 20 kV. Micrographs were recorded
at different magnifications to attain clear images.

Test Method for Cell Structure and Pore Diameter.
Normally, the acoustic performance is closely related to
the pore diameters of the foam. Thus, it was necessary to
determine the pore diameter and its distribution. The
value of pore diameter for PU foam was obtained by digi-
tal image processing software from the SEM images of
foam. In this software, pixels were transformed into met-
ric units with the purpose of obtaining the effective radius
of the pores from the same areas. The values of pore
diameter corresponding to the maximum normal distribu-
tion of pore diameter were obtained experimentally.

Test Method for Acoustic Performance. Four types of
acoustic properties were studied: acoustic impedance,
sound reflection factor, absorption coefficient, and trans-
mission loss. They were obtained using a four-
microphone impedance tube based on ISO10534-
2:1998(E) [20] by Transfer Function Method. The devices
we used (a), the samples (b), and the test philosophy of

TABLE 2. The formula of PU foam.

Raw materials Weight percentage components

Polyether polyol HEP-330N 60 A component
Polymer polyol TPOP-36/28 40
Deionized water 2
Silicone oil (8719) 1.8
A33 0.6
A-1 0.1
Modified MDI 45 B component
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FIG. 1. Preparation process of PU foam and PU-RH composites.

sound transmission loss (c) and normal incidence absorp- test absorption coefficients is SW420, which includes
tion coefficient (d) are shown in Fig. 2. The impedance SW100-L (850 mm) and SW100-S (235 mm). With refer-
tube is manufactured by BSWA TECH. The diameter of  ence to Fig. 2, the distance between microphone 0 and 2
the tube we used here is 100 mm. The type of the tube to is 300 mm and the test frequency band is 63-500 Hz,
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FIG. 2. The sketch map of test system of impedance tube. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]




whereas the distance between microphone 1 and 2 is 80
mm and the test frequency band is 400-1,600 Hz. The
thickness between the left surface of the material and
microphone 2 is 50 mm. The type of the tube to test the
sound transmission loss is SW422, which includes
SW100-L and SW100-E (770 mm). The distance between
microphone 3 and 5 is 300 mm and that between micro-
phone 3 and 4 is 80 mm. The thickness between the left
surface of the material and microphone 3 is 150 mm. The
sampling frequency of dSPACE was set at 51,200 Hz,
which is high enough to avoid the aliasing problem.
Broadband random sound waves were generated by the
loudspeaker at one end of the impedance tube and trans-
mitted to the surface of sample at the other end. The
reflected signals were picked up by the sensors. Each
sample was tailored to desired circle pieces of the thick-
ness of 40.0 mm (Fig. 2b). The sound absorption coeffi-
cient, defined as the ratio of the acoustical energy not
reflected by sample (Lincident-Lieflectea) 10 the acoustical
incident energy (Iincigent) On the surface, is dependent on
frequency.

The relationship between these parameters is shown as
Eq. (1-4) [20,21].
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Where X, X», X3, X4 are the distances of the micro-
phones and the surface of the test sample, respectively;
D2, P3s P3, P4 are the complex sound pressures at the cor-
responding positions, respectively; k is the complex wave-
number; Z; is the acoustic impedance; r is the sound
reflection factor; a is the sound absorption coefficient; TL
is the transmission loss; py and ¢ are the density of air
and the speed of sound, respectively.

The incident sound was perpendicular to the surface of
the foam rise direction. Each of the tests was repeated
with at least five samples to obtain consistent and repre-
sentative results, and made at the temperature of 20 =
2°C and relative humidity of 60 * 10%.

RESULTS AND DISCUSSION

The Results of ATR-FTIR

The content of -NCO group must be appropriate
according to the designation of PU chains. Free-rise PU
foams were obtained from the simultaneous reaction of

polyisocyanate with polyols and water. The reaction pro-
cess is listed below.

During the initial extender chain reaction, isocyanate
groups reacted with hydroxyl groups of polyol to form
the PU chains. The end of extender chain reaction was
isocyanate group. Subsequently in the foaming reaction,
isocyanate groups reacted with water to form an amino
acid group which was unstable and dissociated into a
chain with amine end-group and carbon dioxide. The
extent of CO, by this reaction contributed significantly to
the porosity. Finally, a chain with amine end-group
reacted with an isocyanate end-group to form a urea link-
age. As expressed in Eq. (5-7).

[
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n
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RNCO + H20 ——® RNHCOH —®RNH:+ CO2 (6)
RNH2+ R' NCO —® RNHCNHR'
I ™

However, the polymer structure must build up rapidly to
support the fragile foam in order to form a stable cellular
structure, but not be fast to restrict bubble growth. These
following competing reactions were balanced by the addi-
tion of catalysts and foam stabilizer: (1) formation of
biuret-on addition of water as blowing agent, urea bond
compound gets generated, and subsequently reacted with
excess isocyanate at high temperature to form biuret bond
compound (Eq. 8); (2) formation of allophanate-hydrogen
bond of carbamate reacted with excess isocyanate and pro-
duce allophanate bond at high temperature (Eq. 9). Finally,
block polymer was developed as shown in Eq. (10).
o o
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The FTIR spectra of PU foam and PU-RH composites
are shown in Fig. 3. The characteristic peaks of PU were
found in the curves of both PU foam and PU-RH
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FIG. 3. ATR-FTIR spectra of PU and PU-RH composites. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

composites. The peak located at about 3,300 cm™' was
due to stretching vibration of N—H group of urethane
linkages. The peak at about 2,923and 2,852 cm™ ! corre-
spond to the nonsymmetric and symmetric stretching
vibration of CH,, respectively. The peaks at about 1,728,
1,227, and 1,078 cm™ ' were due to the stretching vibra-
tion of C—O, the stretching vibration of aromatic C—O,
and the nonsymmetric stretching vibration of C—O—C,
respectively [22]. The absorption near 1,509 cm™ ' can be
attributed to the bending vibration of N—H and stretching
vibration of C—N. Fig. 3 showed that the change trends
of absorbance curves of PU foam and PU-RH composites
were very consistent. They had almost the same absorp-
tion peaks, which proved that RH did not participate in
the chemical reaction of PU synthesis.

Porous Cell Morphologies and Cell Size Distribution

Porous Cell Morphologies. The interconnected porosity
is an important parameter governing the acoustic behavior
of polymer porous materials. In order to study the acous-
tic performance, the interconnected porous cell network
must be taken regard. The open porous cell morphology
of PU foam (one same sample) is shown in Fig. 4. The
white part corresponded to the pore shape while the dark
part was related to the open holes. The typical porous
structure was distinct and the distribution of cells was rel-
atively uniform. Almost all the pores were open pores
and connected. The frames between the pores were trian-
gular in shape. Results indicated that the compound of A-
1 and A33 at the ratio of 0.1:0.6 as catalysts along with
foam stabilizer-silicone oil 8,971 can control the foam
size distribution and they were in favour of the open
porous cells under the blowing agent.

The reaction between the polyols and modified MDI pro-
duced a network. For the water-based PU, the polyisocya-
nate was blocked to reduce its chemical reactivity as the

hydrophobic ethyl group provided hydrolytic stability.
However, the presence of moisture broke part of the
blocking structure to release CO,. At high degree of retic-
ulation, the pores formed by released CO, were intercon-
nected due to a coordination of the foam blowing time
with the PU polymer gel time.

Some SEM micrographs of PU-RH composites are shown
in Fig. 5 (Fig. 5a—c came from one sample whereas Fig.
5d—f came from another sample). The figure indicated
that the pore structure was significantly different from PU
foam. The distribution of cells in PU-RH composites was
nonuniform. The pores in the vicinity of RH were much
smaller compared to the areas without RH (Fig. 5a and
b). This indicated that the presence of RH reduced the
formation of pores in the PU-RH composites. However,
in the PU-RH composites, the diameter of pores in the
area where RH was not present was larger as compared
to PU foam. And the results clearly indicated the presence

FIG. 4. Some SEM micrographs of PU foam.



FIG. 5.

of typical RH fiber morphology between two zones of
PU-RH composites.

Cell Size Distribution and Pore Diameter. The pore
diameter is another important parameter to govern the
acoustic behavior. The value of pore diameter corre-
sponds to maximum normal distribution of pore diameter
obtained experimentally by the digital image processing
method. The maximum pore diameter was found to be
0.10 mm from the probability distribution for PU foam
(Fig. 6).

The Results of Acoustic Performance

Acoustic Impedance. The acoustic measurements of
PU foam and PU-RH composites with varying RH con-
tents of 2%, 5%, and 8% were studied at the low fre-
quency range from 50 Hz up to 1,600 Hz. The real part

Some SEM micrographs of PU-RH composites.

and imaginary part of acoustic impedance ratio of various
foams are shown in Fig. 7. The results indicated that:

1. The curves of acoustic impedances of PU-RH composites
had the same trend with PU foam. Two distinct peaks
were observed at 310 and 515 Hz in the plot for the real
part of acoustic impedance while small variations were
observed between 900 and 1,400 Hz. No significant
change in impedance values were observed for the addi-
tion of smaller percentage of RH (2%) in PU foam. In
case of all the curves at about 310 Hz, the maximum
value of impedance reduced from 7,600 for 2% PU-RH
composite (6,400 for PU foam) to 4,300 for 8% PU-RH
composite. Similar trends were observed in case of the
peak at 515 Hz. Indicating that the addition of RH
reduced the impedance in PU foam. And in case of higher
frequency (above 900 Hz), the impedance values for both
PU foam and 2% PU-RH composite remained constant.
However, 8% PU-RH composite showed higher value
(1,248) at 1,230 Hz.
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the online issue, which is available at

2. In case of imaginary part of acoustic impedance, the
results revealed identical fluctuations in both positive and
negative zones till 650 Hz. In this range, four peaks were
observed at 303, 316, 505, and 540 Hz, respectively. The
trends of four curves were similar to that observed for
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Sound Reflection Factor.

real parts, wherein PU foam and 2% PU-RH composite
had higher impedance as compared to PU-RH composite
with 5 and 8% RH. Beyond 900 Hz, there were variations
in impedance values with 8% PU-RH composite, showing
maximum values.

The reflection factors of dif-

ferent foams are shown in Fig. 8. The curves showed
both positive and negative variations. The results indi-
cated that the values of reflection factor were almost
same till low frequency of 400 Hz. However, in the zone
between 400 and 620 Hz, the reflection factor for PU
foam and 2% PU-RH composite was found to be higher
as compared to 5 and 8% PU-RH composites. In case of
higher frequency (above 620 Hz), 8% PU-RH composite
showed higher values of reflection factor.

Absorption coefficient
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Sound Absorption Coefficient. The sound absorption
coefficients of various foams are shown in Fig. 9. The
results indicated that:

1. The sound absorption curves of PU foam and PU-RH
composites were in accordance with that of typical porous
material. The sound absorption coefficient increased con-
tinuously in the low frequency and fluctuations appeared
with different degrees in high frequency.

2. The acoustic absorption of the system improved almost
over the entire frequency range, especially at the low fre-
quency (50-1,000 Hz) due to the addition of RH. In the
frequency range from 50 to 1,000 Hz, the average sound
absorption coefficient of PU foam, PU-RH composites
with 2% RH, 5% RH and with 8% RH was 0.435, 0.454,
0.55, and 0.599, respectively.

3. The maximum absorption coefficient of 0.996 appeared at
1,300 Hz for PU foam, indicating complete absorption of
sound. However, the value of 0.93 was achieved by PU-
RH composite of 8% for low frequency. Thus addition of
significant amount of RH enhanced the sound absorption
coefficient of PU foam in low frequency. In general, the
results indicated that PU-RH composite of 5% RH can be
considered to provide the most satisfactory sound absorp-
tion coefficient in comparison with others foams.

Sound Transmission Loss. The sound transmission
losses of different foams are shown in Fig. 10. The results
indicated that the curves had the similar trends. There
was a steady increase in sound transmission loss for all
the foams along with the frequency increasing on the
whole. However, a striking reduction was located at about
250 Hz. The sound insulation performance was opposite
compared with the sound absorption coefficient. The bet-
ter the sound absorption coefficient of the material was,
the poorer the sound insulation performance would be.
The results revealed that PU-RH composite of 8% RH
has the best sound insulation characteristics.

Sound Absorption Mechanism

Theoretically, the sound absorption properties of a
porous medium were mainly influenced by its porous
cell size, structure, and distribution as well as the
acoustic impedance of the material. The results sug-
gested improvement in sound absorption of PU foam
due to the addition of RH. The sound absorption
mechanisms of PU-RH composites can be drawn as
follows:

1. The sound absorption performance of polymer porous
foam depends on the orientation/network of pores and
vibroacoustic energy carried by air in the pores as well as
solid frame structure. Sound is primarily dissipated due to
viscous flow, thermal damping, and Helmholtz resonance
effect. In case of PU foam, sound absorption coefficient is
higher for larger cells as compared to small ones of a
given frequency. Some of the mechanical-acoustical
energy is dissipated into heat due to the difference in
amplitude and phase. In case of PU-RH composites,
mechanical and viscoacoustic phenomena take place in
the solid frame, interface between solid frame and air in
the pores as well as solid frame and RH. In case of pres-
sure or disturbance from sound wave, energy in the
porous cell is converted into heat due to frictional force
between the air flow and cell wall. During the above pro-
cess, the cells are forced to stretch, bend and buckle, gen-
erating kinetic energy. The addition of RH will cause
nonuniform distribution of pores in the foam along with
large pore size. The wave of low frequency can then be
sufficiently absorbed by these large pores. The larger
pores of PU-RH composites contain more air and can
produce more frictional heat from sound energy than PU
foam energy [23]. Additionally, the RH at interface forces
more amount of sound energy to be dissipated to kinetic
energy, causing foam to stretch, band and buckle. Thus
the sound absorption coefficients of PU foam substantially
increase due to the addition of significant amount of RH.

2. The enhancement of sound absorption coefficient was
also observed for low frequency in PU-RH composites.
Increase in sound absorption of PU-RH composites in
comparison to PU foam with the same volume results
from the fact that incident plane wave at low frequency
are converted to higher-order symmetric modes within
the interfaces of PU frame and RH [24,25].

3. RH is a natural fiber which has good sound absorption
performance. PU-RH composites combine sound absorp-
tion performance of both PU foam as well as RH. The
composites have more fine pores, increasing the chance to
interfere with the sound wave. This improves the resist-
ance through the vibration of air by means of frictional
viscosity [26].

4. For PU foam, almost all the pores are interconnected
between each other. On addition of RH into PU foam, the
connected pores are blocked. Sound waves would reflect
when it meets RH in its propagation path, thus extending
the transmission route in the foam. There is an increase in
energy loss due to transmission. This leads to increase in
the sound absorption coefficient, especially in low
frequency.



CONCLUSIONS

In this study, the sound absorption tests were performed
for PU foam and PU-RH composites with different con-
tent of RH. The absorption performance of PU foam is
not very satisfying at low frequency while it is excellent at
high frequency. It almost reaches 1 when the frequency is
higher than 1,200 Hz, however, it is less than 0.3 under
500 Hz. On addition of RH into PU, the sound absorption
coefficients increase at low frequency along with small
decrease at high frequency. It should be noted that it is dif-
ficult to improve the sound absorption performance at low
frequency without increasing the thickness of the material.
The pore cell morphologies and sound absorption perform-
ance for PU foam were investigated, so as to study the
mechanism of the change of sound absorption capacity.
Further investigations could lead to better absorbing sys-
tems for practical application. In addition, as an agriculture
waste, RH is sure to meet sustainable development require-
ments. Furthermore, adding RH improves biodegradation
of the foam composites, which is one of the most impor-
tant requirements of green material. These advantages
make PU-RH a kind of attractive candidate for many
applications in noise control of automobiles, aerospace
industry, and construction industry.
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