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Rice straw, rice husk and paper sludge are by-products and industrial waste, and are beneficial resources
as raw biomass materials used for manufacturing value-added composite products. We investigated the
effect on selected mechanical properties of adding rice straw, rice husk and paper sludge to wood com-
vailable online 26 June 2009
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reen pallet
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posites to replace wood particles for manufacturing green pallets. Results showed that increasing the
contents of rice straw and rice husk dramatically decreased the mechanical strength of the composites.
This is because the wax and silicate coating of these materials obstructed the strong bonding with UF resin.
When 10 wt.% of wood particle was replaced with 10 wt.% of paper sludge, the wood–paper sludge com-
posites showed similar mechanical properties to those of wood particle. Wood particle can be replaced by
10 wt.% of dried paper sludge in accordance with the minimum requirement recommended by standards
in green pallet manufacturing.
. Introduction

Pallets are rigid horizontal platforms that are easily transported
sing special equipment. They serve for storing, stacking, han-
ling and transporting goods as a unit load. Different materials
re used for the production of pallets, such as solid wood, wood-
ased composites, paper, plastic and metal. Wood from many
ardwood species is used for the production of pallets and con-
ainers. Wood is the predominant pallet material in the U.S.; wood
allets command a market share of approximately 95%, and 97%
f U.S. pallet producers manufacture only wood pallets. In the U.S.,
n estimated 450 million new pallets are produced annually and
.9 billion pallets are in use at any moment in the U.S., most of
hem wooden pallets. While material preferences vary based on
erformance requirements and costs, solid wood pallets account

or an estimated 90–95% of all pallets in use in the U.S. (Patricio and
aravall, 2007; Buehlmann et al., 2009; Bush et al., 1996; Kabir et

l., 2003).

To produce 450 million new pallets annually, the pallet industry

onsumes vast quantities of resources. In 2005, it was estimated
hat 33% (3.8 billion board feet) of the total hardwood lumber
roduced in the United States was used for pallet manufacturing,
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making it the single largest use of hardwood lumber (Hardwood
Market Report, 2006). Ground pallet material is being used to fur-
nish a variety of composite products. Wood composites include
particleboard, hardboard, fiberboard, and insulation board. How-
ever, pallet material has little, if any, inherent advantage over other
sources used to furnish these products (e.g., sawmill wastes and
small diameter roundwood) and so must compete on the basis of
relative delivered cost (Bush et al., 1996). Green pallets are manu-
factured from recycled wood pallets in the form of particleboard. A
number of different wood raw materials are used for particleboard
production, ranging from logs to sander dust. The use of agricul-
tural and industrial residues to replace wood as raw materials for
particleboard has received considerable attention in recent years
(Wang and Xiuzhi, 2002; Papadopoulos and Hague, 2003).

Lignocellulosics from field crop residues such as cereal straw,
flax straw, corn stalks, cotton and sorghum, bagasse and grass,
represent a potentially valuable source of fiber which could be
used either as a supplement to, or as a direct substitute for wood
in the manufacture of forest products, e.g. particleboard, fiber-
board or pulp for paper-based products. Approximately 2.5 billion
mt of these agricultural residues are annually produced world-
wide (Grigoriou, 2000). Rice straw fiber can be considered to have

important potential as an alternative material for green composite
because of its lignocellulosic characteristics. Global paddy produc-
tion reached 628 million tons in 2005 with an additional 1% increase
in 2006 (FAO, 2006). The U.S. rice production in 2006/2007 is pro-
jected to be 10 million tons (USDA, 2006). With an approximate
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Table 1
Characteristics of the used paper sludge (oven-dry weight basis) (Yang et al., 2003).
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.78 (0.02) 27.76 (0.25) 20.83 (4.07) 6.37 (1.26) 17.41 (1.98)

ice-to-straw ratio of 1.0, an equivalent amount of rice straw (i.e.,
0 million tons) is produced (Yao et al., 2008).

Straw could be available in very large amounts to new indus-
rial applications. Amongst these, the production of particleboard
anels that are at present almost exclusively produced from timber
r timber by-products such as saw dust seems to be feasible. Low-
ensity straw panels have already been suggested for applications

n thermal and acoustic insulation. Panels that have properties cor-
esponding to furniture industry standards have also been reported
Dalen and Shorma, 1996; Boquillon et al., 2004). The author of
his present study has reported that the rice straw–wood parti-
le composite is suitable as a sound absorbing insulation material
n wooden construction (Yang et al., 2003). While a longer press

ime is needed and the method for coating the epidermis of straw
tems causes problems in bonding straw to wood particle with con-
entional UF resin (Grigoriou, 2000), rice straw was used in this
tudy as an alternative material to wood chip for green pallets.
he goal of this research was to maintain more than 90% of the

ig. 1. Wood particles–rice straw and wood–rice husk composites as rice straw and rice h
ice straw 2 cm: 10 wt.%, (d) rice straw 2 cm: 20 wt.%, (e) rice husk: 10 wt.%, (f) rice husk: 2
nd Recycling 53 (2009) 674–679 675

mechanical strength of wood chip pallets when using a combina-
tion of rice straw and wood chip in composites. Because the existing
mechanical strength of pallets that comprise only wood chips was
sufficiently high based on the standard, 90% of the mechanical
strength will still satisfy the strength required of pallets, with the
added economic value gained by replacing wood chips with rice
straw as a by-product of agriculture.

Paper sludge was also considered as an alternative material to
wood chips in green pallets. Paper sludge is a by-product from the
pulp and paper industry. Since this sludge paper is mainly com-
posed of short cellulose fibers and inorganic materials, there will
be wide commercial application and development prospects for
paper sludge as a new kind of filler in polymers. The application
of paper sludge in polymer composites is also very important in
terms of recycling (Ismail et al., 2005). Paper sludge is mainly com-
posed of fibrous fines and some inorganic materials, such as kaolin
clay and calcium carbonate. Thus, the use of paper sludge to pro-
duce green pallets may be an innovative way to recycle paper sludge
(Taramian et al., 2007; Baziramakenga and Simard, 2001) because
the primary methods of disposal for this type of sludge have been

land application and landfilling. Landfilling costs in the EU are rising
because of increasingly stringent regulations, taxes, and a declin-
ing capacity. With landfill space becoming scarce and expensive,
some sludges are being burned or incinerated to reduce their vol-
ume and to recover part of the energy they contain (Jesús and Ochoa,

usk loading contents. (a) Rice straw 5 cm: 10 wt.%, (b) rice straw 5 cm: 20 wt.%, (c)
0 wt.%.
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008). However, the adverse effect of paper sludge on the mechan-
cal properties of the particleboard produced is a serious concern
Taramian et al., 2007).

This study was conducted to evaluate rice straw and paper
ludge as alternative materials for green pallets that consist of wood
articles. The objective of the research was to replace wood parti-
les with rice straw and paper sludge without reducing mechanical
roperties.

. Experimental

.1. Materials

Commercial wood particles were used in this study. For rice
traw samples, after removing the top 10 cm, the rice straw stalks
ere cut into three sections (top, center and bottom), and rice straw
articles were prepared by cutting each of the sections of the rice
traw into 2 and 5 cm lengths. The particle depended on the native

traw stem, which was wider at the bottom than at the top. The rice
usk used as reinforcing material was supplied by Saron Filler Co.,
outh Korea. It was crushed once after harvest and the mean parti-
le diameter was 4–5 mm. The characteristics of the paper sludge
sed in this study are given in Table 1. Paper sludge was provided

ig. 2. Bending strength of wood particles–rice straw and rice husk composites as
ice straw length and loading contents.
nd Recycling 53 (2009) 674–679

by a local paper manufacturing company. Because paper sludge is
very sensitive to fungal attacks, it was immediately dried in an oven
at 100 ◦C for 24 h to adjust it to a moisture content of approximately
2–3%. It was then ground in a laboratory mill and screened through
a mesh screen to obtain a desirable paper sludge size. Paper
sludge was classified by size; small (2–3 cm × 2–3 cm × 1–2 cm)
and large (3–4 cm × 3–4 cm × 1.5–2.5 cm). Commercial UF
resin adhesive (65 wt.% of solid content) was used as the
composite binder added with 10 wt.% NH4Cl solution as a
hardener.

2.2. Methods

2.2.1. Fabrication of wood–rice straw composite and wood–paper
sludge composite

Wood–rice straw composite boards of
270 mm × 270 mm × 10 mm (length × width × thickness) were
manufactured at a specific gravity of 0.85 with rice straw contents
of 0, 5, 10, 20, 25 and 30 wt.%. Rice straws were cut as above
to examine the effect of rice straw particle width (as the straw
width), and length. The wood particles and rice straws were placed
in a rotary drum mixer and 10 wt.% (based on the weight of the
oven dried raw material) of commercial UF resin adhesive used
as the composite binder was sprayed onto them while rotating
the mixer. The mixture was cold pressed at 10 kg/cm2 for 2 min to
ensure the stability of the mat and to obtain the proper density
gradient of the composites prior to hot pressing. The mixture was
then hot pressed to form composite boards at a peak pressure
of 100 kg/cm2 and temperatures of 180 ◦C. The press time was
3 min, and the pressure was released in two steps of 1 min each.
The fabricated composite boards were pre-conditioned at 25 ◦C
and 65% RH for two weeks before testing. Wood–rice husk and
Wood–paper sludge composite boards were manufactured using
the same method. Rice husk loading contents were 10 and 20 wt.%
while paper sludge loading contents were 10, 15 and 20 wt.%.

2.2.2. Mechanical properties
3-point bending strengths were determined using a Uni-

versal Testing Machine (Zwick Corp.) using the ASTM D 1037
method (1999). Each value represents the average of ten
samples.

2.2.3. Thermogravimetric analysis (TGA) and contact angle study
For the TGA test of paper sludge, 10 mg of dried paper sludge

sample was placed on a balance located in the furnace. Heat was
then applied in the temperature range of room temperature to
800 ◦C using a Thermogravimetric Analyzer (Rheometric Scientific
TGA 1000). High-purity nitrogen gas consisting of 99.5% N2 and
0.5% O2 was used as the inert purge gas to displace air in the pyrol-
ysis zone in order to avoid unwanted oxidation of the sample. The
heating rate was 10 ◦C/min.

Due to the concern for the water absorption of paper sludge,
the contact angles of paper sludge and wood particles were mea-
sured. An image analysis system calculated the contour of the drop
from an image captured by means of a video camera. About 10–12

measurements of the sessile drop contact angle (SEO 300A, Surface
& Electro-Optics Corp.) were taken on each of the three drops of
distilled water per liquid placed on the sample. The temperature
during measurements was 23 ± 1 ◦C and the relative humidity was
55 ± 3%.
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Fig. 3. Wood–paper sludge composites as paper sludge loading co

. Results and discussion

.1. Wood–rice straw and wood–rice husk composites

Fig. 1 shows wood–rice straw and wood–rice husk composites
n terms of rice straw and rice husk loading contents; a) Rice straw
cm: 10 wt.%, (b) Rice straw 5 cm: 20 wt.%, (c) Rice straw 2 cm:
0 wt.%, (d) Rice straw 2 cm: 20 wt.%, (e) Rice husk: 10 wt.%, and
f) Rice husk: 20 wt.%. 5 cm of rice straw was classified as shown
n Fig. 1a and b, while 2 cm of rice straw was too difficult to clas-
ify. Although the wax and silicate coating of straw obstructs the
evelopment of bonding with UF resin (Grigoriou, 2000), each com-
osite was well processed because pallets are required to withstand
igh pressure. However, the 3-point bonding strength data shown

n Fig. 2a reveals a decrease in bonding strength. The replace-
ent of wood particle with rice straw and rice husk resulted

n a decreasing bending strength as the loading content was
ncreased.

The case where the rice straw was shorter showed much lower
trength than the case of the longer rice straw. However, rice husk,
hich is the smallest of the alternative materials, showed the

ighest bending strength at a loading content of 20 wt.%. In this
tudy, the replacement of wood particle with rice straw and rice
usk was not expected to result in an increase in the mechani-
al properties of the composites. The goal was to remain within
10% reduction rate of mechanical properties when wood parti-

les are replaced with alternative materials. As shown in Fig. 2b,
he reduction rate of bending strength was more than 50% at a
0 wt.% loading content in both cases of rice straw and rice husk.
urthermore, at a 5 wt.% loading content for the case of shorter

traw there was already more than a 50% reduction rate. It is
herefore demonstrated that because there was no advantage in
eplacing wood particle with rice straw and rice husk, rice straw
nd rice husk are unacceptable as alternative materials for green
allets.
s. (a) Dried paper sludge: 10 wt.%, (b) dried paper sludge: 20 wt.%.

3.2. Wood particle-paper sludge composites

Paper sludge was considered as another alternative cellulose
material. Fig. 3 shows wood–paper sludge composites for the paper
sludge loading contents of 10 and 20 wt.%. Magnified figures show
the surface of the wood–paper sludge composites. In contrast to the
rice straw and rice husk, it was difficult to classify these alternative
materials according to the surface of the composites. The mechan-
ical strength of wood–paper sludge composites also decreased as
the loading content of paper sludge increased, as shown in Fig. 4a.
In particular, in the case of small sized paper sludge, the mechani-
cal strength decreased more than in the case of larger sized paper
sludge. The reason for this behavior is attributed to the weak
adhesion between the paper sludge and wood particles due to
the presence of inorganic materials such as kaolin clay and cal-
cium carbonate, in the paper sludge. Furthermore, paper sludge
mainly contains short fibers that cause a decrease in the bend-
ing strength of the boards (Taramian et al., 2007). Based on the
American National Standard for Particleboard (ANSI A208.1, 1998)
and European Standard (EN 312-2, 1996), the minimum require-
ments for bending strength of particleboard panels for general
uses are 11 and 11.5 MPa, respectively. The bending strength of the
UF-bonded particleboards containing 10 and 15 wt.% paper sludge
satisfied the minimum required by ANSI A208.1 and EN 312-2 stan-
dards (Taramian et al., 2007). However, the reduction rate of paper
sludge loading was much lower than that of rice straw and rice
husk. From the data shown in Fig. 4b, it was found that a reduc-
tion rate of less than 10% appeared when there was a 10 wt.% of
replacement samples. In particular, in the case of larger sized paper
sludge, the bending strength did not decrease. Finally, a 10 wt.%

of replacement was successful when large sized dried paper sludge
(3–4 cm × 3–4 cm × 1.5–2.5 cm) was used as an alternative material
for green pallets.

In order to utilize paper sludge as an alternative material for
wood particle in wood–paper sludge composites, thermogravimet-
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Fig. 4. Bending strength of wood particles–paper sludge composites as paper sludge
size and loading contents.

Fig. 6. Contact angle of wood p
Fig. 5. TGA data of dried paper sludge.

ric analysis needed to be carried out at the probable temperatures
for composite manufacture. The hot press temperature was 180 ◦C.
The thermogravimetric behaviors of paper sludge in a nitrogen
atmosphere are shown in Fig. 5. The weight change by thermal
decomposition of paper sludge at 180 ◦C was less than 5%. When
a 2–3% moisture content for dried paper sludge was considered,
paper sludge was sufficient to be used as an alternative material at
a high temperature of 180 ◦C. The first certain thermal composition
began at 300 ◦C. This is the thermal decomposition of cellulose in
paper sludge (Kim and Eom, 2001).

From the previous work, the water absorption of particleboard
increased as the content of added paper sludge was increased.
However, at a lower loading contents level of 15 wt.%, the water
absorption decreased because the paper sludge fills up the pits of
the boards (Taramian et al., 2007). Therefore, when the replacement
of paper sludge was 10%, the water absorption of paper sludge was
insignificant in the wood–paper sludge composite. For alternative
materials in wood particleboards, the contact angle was measured

to check the water repellent property. As shown in Fig. 6, the contact
angle on the surface of paper sludge was much higher than that on
the surface of wood particle. Although the contact angle decreased
with contact time, the contact angle on the paper sludge surface was
still more than 15◦ higher than that on the wood particle surface.

article and paper sludge.
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. Conclusion

The results of this study indicate that the mechanical proper-
ies of wood–paper sludge composite are positively affected by the
se of paper sludge as an alternative material to wood particles

n the production of green pallets. In particular, a 10 wt.% replace-
ent with large sized (3–4 cm × 3–4 cm × 1.5–2.5 cm) paper sludge

howed a similar mechanical strength to that of wood particle com-
osite only. However, the replacement with rice straw and rice husk
esulted in a decrease in mechanical strength as the loading content
as increased. The replacement with paper sludge did not result

n a weight loss at the temperature of composite manufacturing
nd water absorption due to the presence of inorganic materials
n paper sludge such as kaolin clay and calcium carbonate. These
esults suggest that controlled mixing of wood particle and dried
aper sludge can generate a suitable wood–paper sludge compos-

te replacement material for limited wood particleboard as green
allet bonded by formaldehyde-based resin. When the mechanical
roperties for the pallet materials were considered, 10 wt.% of dried
aper sludge was the optimum adding content for wood–paper
ludge composite green pallets.
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