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Abstract Water absorption and structure of polyurethane foam being reinforced
with sawdust was conducted by comparing the structure of the foam, which were
the cell wall thickness and the cell size, against the properties of the foam which
was the water absorbing and retention of the foam. The reason for reinforcing the
foam with the filler is because polyurethane is not a water absorbing material and
by reinforcing it with filler, that is water absorbent, it will help the polyurethane to
be more water absorbent. Besides, this research will also determine the changes on
the mechanical properties of the polyurethane foam. The combination of Polyol and
Methylene Diphenyl Isocyanate (MDI) produced the Polyurethane Foam. The filler,
sawdust, was then reinforced into the mixture and left to be hardened. Once hardened,
the foam underwent multiple tests such as water absorption test and water retention
test. This is to determine if the property change is a positive change or a negative
change. It was found that, with the increase in cell size and cell wall thickness, there
was an increase in water retention of the foam. As for the cell size and wall thickness
of the foam, there was a decrease in water absorption, up till a certain amount of
added filler content, then the water absorption increased.
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1 Introduction

Polyurethane (PU) is a composite of polymer that are linked together through carba-
mate (urethane) joins [1]. Polyurethane is known to be a thermosetting polymer
which means it would not soften easily. Therefore, polyurethane is commonly use
in daily household items such as furniture, bed mattress and seating materials such
as car seats and office chairs. Polyurethane is also a type of synthetic polymer that
is produced by reacting monomers [2]. The monomers present contain a responding
end groups which causes the diisocyanate (OCN-R-NCO) to form a reaction with the
diol (HO-R-OH). It begins with having a linking between the two molecules at both
ends which are reactive alcohol (OH) and reactive isocyanate (NCO). Therefore, the
groups that were formed react more with other monomers hence forming a greater
and lengthier molecule chain.

Sawdust, also known as wood dust, are mostly found to be the waste product of
woodwork such as sanding, drilling, sawing and milling. Sawdust mostly consists of
fine fragment of wood which can be sometimes lighter than dust. Moreover, sawdust
consists mostly of cellulose, hemicelluloses, lignin and a small percentage of external
materials. Chemical compounds also contribute to the creation of sawdust such as
carbon, oxygen, hydrogen and nitrogen.

As of 2016, over 5.3 million tons of polyurethane foam were demanded to be used
in furniture and has been increasing as time passes [3]. However, most polyurethane
are hydrophobic and are not able to absorb water very well. Researcher Yu et al.
[4] found that only 8% of water can be absorbed in comparison to the weight of the
polyurethane foam. Furthermore, sawdust is disposed as a waste in timber industry,
logging of trees in forest produces around 17% of sawdust [5] which is then just left
on the ground.

In the past, many researchers conducted experiments to reinforce foam with fillers
aimed to improve the properties of polyurethane. In Czlonka et al. [6] research on
polyurethane foam reinforced with polyhedral oligomeric silsesquioxanes (POSS),
it was found that the strength of the foam increased when 0.5 wt% of filler was added
but decreased when anything more than 1.5 wt% of filler was added due to the uneven
distribution of filler of the foam. In another research, where potato protein acted as
the filler for the polyurethane foam, it was found that the by adding 0.1wt% of filler
the strength of the foam increased but increasing the filler content any more caused
a decrease in foam strength. This was due to the addition of filler which caused the
number of closed cells to increase [7].

The main objective of this work is to investigate the effects of the incorporation
of sawdust on to polyurethane on its water capabilities through image analysis. The
correlation between the structural properties of the sawdust-polyurethane composite
and the filler content was done in order to improve the water absorption properties
of the closed-cell polyurethane composite.
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Table 1 Polyurethan.e anq Sample Filler (wt%)
polyurethane composite with
varies sawdust filler Reference Sample (C) 0

Sample 1 (S1) 1

Sample 2 (S2) 2

Sample 3 (S3) 3

Sample 4 (S4) 4

2 Methodology and Experimental Setup

2.1 Preparation of Polyurethane Foam and Sawdust Filler

Polyurethane foam (PU foam) is prepared in two parts, Part A (VORACOR CD1095
Polyol which comes with a catalyst, HCFC-141b) and Part B (PAPI 27 Polymeric
MDI). Both the parts are weighted separately using an electronic scale and then
poured into the mixing cup. The mixture would then be allowed to rise freely at a
stable condition at room temperature. The foam was left for 24 h in stable conditions to
be allowed to fully form before taking any measurements and analysis and conducting
any tests.

For preparation of sawdust polyurethane composite, the fine sawdust filler without
surface treatment (1-4 wt%) was incorporated to the mixture of polyurethane during
mixing process (Table 1). The ratio used in Part A and Part B was 1:0.65. Part A, Part
B and the filler was then stirred until the mixture was fully mixed and was left for
24 h for curing to become solid state, before taking any measurements or conducting
any tests.

2.2 Characterisation

Microstructure analysis

The structure of the polyurethane foam in this experiment relates to the pore size
and the cell wall thickness. The sample microstructure was captured by using the
Olympus BXS51 at 10 x magnification. Image J software was used to determine the
size of the cell and the thickness of the cell.

Water Absorption Test Characterisation

The water absorption test was conducted according to the ASTM D370 standards
procedure. After that, the samples were immersed in water for 24 h and measured
the mass. The water absorption was determined from the changes of mass over the
pre-condition mass in percentage. Data was recorded up to 7 days.
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Water Retention Test Characterisation

The same foams that were used in the water absorption test were used to conduct the
water retention test. The foams samples that were immersed into water were later
weighed at every 24th hour and continued being immersed in water for 7 days.

3 Results and Discussion

3.1 Cell Size and Cell Wall Thickness

The diameter of the cell and the thickness of wall were analyzed as there was a
built-in measuring system in the Image J software from the microscope images of all
samples as shown in Fig. 1. The PU foam cell structure was illustrated in schematic
diagram Fig. 2. The cell size and wall thickness and average value obtained are
shown in Table 2. It is clear that the average cell size will reduce when more sawdust
filler was added into the mix. This is because the pores are generally in closed cell
position. The addition of the sawdust filler into the mixture restricted the growth
of foam during the expansion process, resulting in small cell size. This observation
was in agreement with Czlonka et al. [6] and Lyu et al. [7], which suggested that
the uneven distribution of fillers impacted the foaming process. Upon addition of
sawdust filler, it was found that the strut wall thickness is reduced but then gradually
increases when additional filler content was added. Such phenomena were due to
fillers acting as nucleating site to promote the growth of wall thickness.

3.2 Relationship Between Cell Size and Water Absorption

Figure 3 shows a graph of the pore size against the water absorption of the
polyurethane foam on 7th day. It was shown that the addition of 1 wt% and 2 wt% of
the sawdust filler had caused a decrease in water absorption of around 500 percent
compared to the reference sample (C). On the other hand, with the inclusion of 3%wt
and 4%wt of the sawdust filler into the foam, the absorption rate of the foam increased
by approximately 625 to 657 percent compared to 2 wt% sample (S2).

The water absorption of the foam had decreased for samples 0 wt%, 1 wt% and
2 wt%. This could be due to the number of closed cells because of the addition of
sawdust filler. The filler behaves as a blockage that prevents most water particles
from being absorbed by the foam [8]. Therefore, preventing the water particles from
penetrating into the matrix of the foam thus limits the amount of water that the
polyurethane foam can absorb. When the sawdust filler content increased to 3 wt%
and 4 wt%, the water absorption increased to a slightly higher level than the reference
sample (C). The reason behind this is due to the cell structure that is not uniform.
The excess amount of filler content that causes the change to the foam structure will
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Fig. 1 Cell Size Diameter of PU Foam a C, b S1, ¢ S2, d S3, e S4 (bar scale = 500 um)

Fig. 2 Cell structure Cell wall
diagram /strut wall
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P
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Table 2 Cell size average diameter and thickness

Specimen C S1 S2 S3 S4
Average cell size diameter (um) 577.603 428.365 414.443 409.970 350.278
Average thickness (jum) 53.240 28.090 34.848 47.248 67.045
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Fig. 3 Pore size of cell against water absorption of PU foam

eventually cause the cell structure to break [9]. The change in the foam structure
creates more voids in the foam, which allows for water intake of the foam.

3.3 Relationship Between Cell Size and Water Retention

Figure 4 shows the graph of the cell size against the water retention of the
polyurethane foam composite. With the increase in sawdust filler content, there was
an increase in the water retention of the PU foam. Thus, a quadratic function is shown
in Fig. 4.

The control sample could retain the second-highest amount of water in the foam
relative to other samples. This is because there was no filler in the foam, the mixture’s
viscosity is low and allowing the foam to grow without any constraints. Hence, larger
cells were able to form, and water can travel through the foam easily. Water increases
the pore size, leading to an increase in the permeability of the foam [10]. For the
foams that contained filler content, the increase in water retention could be attributed
to the foam’s cellular structure. The filler creates a disturbance in the cell structure,
which eventually causes the cell wall to break [11]. Therefore, there is a disturbance
to the foams matrix in which changes the foams forming process and eventually
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Fig. 4 Pore size of cell against water retention of PU foam

causing defects to the cell structure [12]. Thus, more water can be concealed in the
cell structure of the foam.

3.4 Relationship Between Cell Wall Thickness and Water
Absorption

Figure 5 shows the thickness of cell wall against the water absorption of the foam.
It is clear that for the 0 wt%, 1 wt% and 2 wt% sawdust filler content samples, a
decrease in water absorption of up to 541 percent compared to the cure sample was
observed. However, for the sample with filler content of 3 wt%, an increase in water
absorption is seen, similar to the reference sample (C).

When the filler content is 1 wt% and 2 wt% of sawdust filler, there was less water
absorption. This can be due to the sawdust being a natural fibre. As the cell walls
are symmetrical, the sawdust filler blocks the water from entering and exiting the
foam. Sawdust filler acts as a blockage for the water as it is a natural fibre which
has multiple layers of cellulosic microfibrils [13]. This causes water to take more
time to penetrate the cell walls when moving in and out of the foam. As for the
sawdust filler content of 3 wt% and 4 wt%, it was shown that there was an increase
in water absorption. This could be because of the lamellae and plateau of the cell
walls becoming thicker. As the walls become thicker, more irregular shapes starts to
form in the foam [14] and because sawdust has hydrophilic properties [15], it will
allow more water to be retained in the foam.



324 T. J. Benjamin et al.

2500
53 C 54
2000 ° o -
®
c 51
S 1500 - 52
(=8 [ ]
g
(=]
wi
L
<<
« 1000
3
m
=
500
0
0 10 20 30 40 50 60 70 80

Cell Wall Thickness (um)

Fig. 5 Thickness of Cell wall against Water Absorption of PU foam

3.5 Relationship Between Cell Wall Thickness and Water
Retention

Figure 6 shows the thickness of the cell wall against the water retention of the foam.
Referring to the figure, the increase in sawdust filler from 1 wt% to 4 wt%, increases

Cell Wall Thickness (um)

-93.5
0 10 20 30 40 50 60 70 80
L ]
-94
si
y = 0.00001339x* - 0.002615x°
_-945 +0.188x2 - 5.9404x - 25.7176
R
=
2 .95
§ 52
[-T] L ]
* 95.5 :
2 s3
o
.
= -96 c
L ]
s4
-96.5 £
-97

Fig. 6 Thickness of cell wall against water retention of PU foam
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the cell wall and the water retention of the foam. A polynomial equation was shown
in the Fig. 6.

The filler shown to have an increase of water retention with the cell walls
increasing in size. This reasoning can be because of the fillers’ properties. Sawdust
contains cellulose fibers which allows the water to stay in three areas which are the
lumen of the fiber, the cell walls and the spaces between the polyurethane and the
fiber [16]. Thus, with the increase in sawdust filler, there is also an increase in the
three areas as confirmed by Lin et al. [17]. This will allow the foam to create more
space which will allow more water to be absorbed as well as retained by the foam.
The reference sample (C) was shown to retain the second highest amount of water
retention compared to the rest of the samples. This can be due to the theory of the
foams’ cellular structure. Since there is no presence of filler, the foam will be able
to grow freely creating more open cells to be formed [18]. This allows more water
to be retained in the foam due to the thick walls created by the foams’ growth.

4 Conclusion

In this study, varying amounts of sawdust filler were used to reinforce the
polyurethane foam. The addition of sawdust filler have a considerable effect on the
water absorption properties of the material. The study shows that with the increased
amount of filler content, there is an increase of the cell wall thickness, enabling an
increase in water retention of all the foams. However, this was not the case for water
absorption. It was observed for the cell size that the addition of sawdust filler of 1
wt% and 2 wt% had caused a decrease in water absorption. There was an increase in
water absorption rate for the samples of sawdust filler of 3 wt% and 4 wt%. Similar
results were observed in the cell wall thickness against the water retention rate. The
reasoning behind the observations could be due to the filler acting as a barrier that
prevents water from entering the foam. With the addition of more filler (in the 3 wt%
and 4 wt% samples), it causes a deformation in the foam structure, leading to water
being stored in the voids created by the filler. It was suggested that no surface treat-
ment was performed on the saw dust. The study is limited to 1-4 wt% as high filler
content resulting high viscosity of the mixture and restricted the foaming process.
Further work could be focus on the usage of different saw dust particle size and
treated saw dust particles.
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