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ABSTRACT

The research aims producing fire-resistant particle boards using different types of highly combustible
agricultural residues. The some mechanical properties parameters included modulus of rupture and modulus of
elasticity while physical properties were water absorption, swelling thickness, mass loss, ignition, glowing time,
width and length of the burnt area. Particleboards variables were adhesives (urea formaldehyde ratio of 10%,
sodium silicates and paraffin wax ratio of 5%, hardener (ammonium chloride) and fire-retardant (a mixture of di-
ammonium phosphate and boric acid is nontoxic ratio of 0, 5, 10, 15 and 20 %. All above carried out under four
press temperature (100,120,140,160 C°), four thicknesses of 14,16,18 and 20mm and four agricultural residues
cotton stalks, corn stalks, rice straw and sawdust. The manufactured boards were tested according to TS-EN
standards. The results recorded that the maximum modulus of elasticity and modulus of rupture of 4750 and 28.5
N/mm? respectively were obtained using cotton-stalk particle boards, pressing temperature of 140 °C and particle
board thickness of 14 mm. The maximum averages water absorption percentage after 2 and 24 h was 28 and 73%
respectively and the maximum averages swelling percentage after 2 and 24 h was 22.3 and 33.7 % respectively,
were obtained using rice-straw particle boards under pressing temperature of 100 °C and particle board thickness
of 20 mm. The most fire-retarding properties were improved with the increase in fire-retarding-content up-to 15

%. Higher amounts resulted in decreasing of the fire-retarding properties.

Keywords: Particle board, fire-retarding, cotton stalks, com stalks, rice straw, sawdust, mechanical, physical properties.

INTRODUCTION

Utilization of surplus and residual biomass has proven to
be an effective management option for reducing environmental
impacts arising from the disposal agricultural residues. Such
utilization often removes potential health risks owing to burning
the agricultural wastes in open fields. The increase in the
intensive using of production elements and what associates it of
horizontal and vertical expansion has been reflected on the
increase of the amount of agricultural wastes on farmers, the
misuse of these agricultural wastes represents a dangerous
environmental damage and a waste of economic resource. The
volume of the agricultural wastes is estimated by about 35 million
tons per year, of which, about 12 million tons are left without
avail. The production wood from nature forests is expected to
decline while as, the use of fiber from residues is expected to
mainly increase in order to both meet societies demands for
building and engineering materials and to help in solving from
disposal the agricultural wastes. Producing Particle board was
the most suitable means to convert these wastes into materials
with economic value that contribute to improve the environment
and increase the self-sufficiency, Hassan et al., (2014). On the
other hand Guler (2015) said that the panel products using wheat
straw and other crop residues are being commercially
manufactured in a number of countries. Several countries utilized
agro fibers for the production of particle board or other composite
panels. So far there are at least 30 plants that utilize agricultural
waste materials in the production of particle boards around the
world. On the other hand Alexandru (2002) sawdust is generally
considered as a timber-industrial waste that pollutes the
environment , but can become a valuable commodity either as a
raw material in manufacturing industries for wood boards, light
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construction materials such as shelves, wall and roof sheeting.
Moreover, Rofii et al. (2013) studied the use of furniture mill
residues containing high density raw materials in particle board
production and to evaluate the effect of mixing several types of
furnish on board performance. Resin was applied at 6 % content
in mat preparation. The pressing conditions were temperature of
180 °C, initial pressure of 3 MPa, and pressing time of 5 minutes.
They found that all residues from furniture mills have the
potential to be used for particle board production. Furthermore,
Hamid (2007 and 2008) fresh wood and urea-formaldehyde are
needed as a synthetic adhesive system and other fossil-based
adhesive systems. Research related to this focused on the
manufacture of granular panels from agricultural waste bonded
by urea formaldehyde. Manufacture granular panels from cotton
stalks as well as medium density fiberboard (MDF) sheets  with
urea-formaldehyde. Okai et al. (2015) determined that the
potential of utilizing agricultural residues such as corn stalk for
particle board manufacturing with the aim of reducing pressure
on tropical forests. The corn stalk particle boards are denser than
some medium- density particle boards produced from timber
species. ECA, (2000) and Gelbke, (2008) reported that adhesives
based on urea-formaldehyde (UF) are the most commonly used
resins for conventional particle board production in Europe.
Emissions of formaldehyde are a concern from a health
perspective. Therefore, produce boards with low formaldehyde
emissions decrease the input of binders with a fossil origin. Also,
particle board production technology has developed greatly,
particularly with the introduction of constant pressure, providing
new levels of product standardization Walker (2006). Kddela et
al. (2017) studied that moisture content in beech wood before
pressing was 17 to 20 %, the suitable pressing temperature was
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18010 200 °C, and the suitable pressing time was at least 10 min.
Better results were attained with 40 % compression. The
hardness of samples was increased by 2.4 to 3.4 times the
hardness of the original wood. The increased compression also
noticeably reduced the wood surface roughness. Chibudike et al.
(2019) studied that decrease in the percentage of agro-waste
increased the hardness of the board which is the property of a
material that enables it to resist plastic deformation, usually by
penetration. This was observed in R2 and D1 with 20 % and 10
% agro-waste content respectively, higher strength properties
compared to POP and Fiber with 40 % and 30 % agro-waste
content. Also Attia et al. (2017) said that any increase in pressing
straw particle boards temperature of more than 180 up to 210 °C,
modulus of rupture decreased by about 14.3, 7.8, 7 and 6.4%
under the same mentioned sample thicknesses. The same
behavior was noticed with wood sawdust particle boards. It is that
high pressing temperatures changed the color of particle board to
be darker. Moreover , the (Sundqvist, 2002 and Ayadi et al.,
2003) said that thermal treatment results in darkening of the
wood. High pressing temperatures decrease strength of particle
board mainly due to de polymerization reactions of wood
polymers. Catherine et al. (1996) Also it was found that the
presence of boron compounds decreases water absorption by 50
- 80% for different samples. Guler and Ozen (2004) reported that
high thickness swelling values (TS) for the particle boards that
are produced using agricultural residues such as 35% for cotton
stalks after 24 h water soaking. Guler and Buyuksari (2011)
reported that the findings in this study showed that only Type H
(densitie 0.8 g/cm3) and adhesive ratios & the urea formaldehyde
(UF) resin at 9 % and 11% levels were used for the core and
outer layers particle boards met the minimum requirements. The
required MOR and MOE values of 11.5 N/mm2 and 1600
N/mm2 are for general purpose and for interior fitments particle
boards (including furniture) applications, respectively. Khozeini
et al. (2014) reported that mechanical properties including fire
resistance, tensile and flexural strengths of composites were
enhanced by adding fire retardant. However, fire retardant
increasing led to a decrease in impact strength. Also, Medved et
al. (2019) reported that increased fire resistance is achieved
through fire retardant addition during panel production or by
spraying fire-retardant on already finished panels. The downside
of fire-retardant addition during panel production is related to
decrease mechanical properties. It is found this that increasing
concentrations of fire retardants from 0 % to 5 % decreases the
bending strength of finished board from 12.5 N/mm? to 5.049
N/mm?. Addition of traces ofparaffin wax and boron compounds
gives excellent water-repellent surface which creates a
hydrophobic surface towards composites, Nagieb et al. (2011).

The objective of this research is to produce fire-
resistant particle boards using different types of highly
combustible agricultural residues (cotton stalks, corn stalks,
rice straw and sawdust)

MATERIALS AND METHODS

The particle board production machines line are dry
technical oven, Turkish chopper machine, grading machine,
mixer and hydraulic press-machine.

The hydraulic press

The hydraulic press was used to press the raw

materials to produce pressed wood, shows in Fig. 1.

, 3- particle board under the manufacturing
Fig. 1. The hydraulic press during manufacture particle
boards
It consists of the following main parts:
- Main frame with 230 cm length, 125 cm width and 48 cm
thickness.

- Piston with 21 cm diameter and 40 cm length.

- Control panel, which contains two contactors (relay and
over load).

- Oil pump with a disposal of 11 I/min.

- Pressure gauge that gave a pressure of 250 bar with
accuracy of 1.0 bar, it was powered by an electric motor of
7.35 KW(10 hp).

Tested materials: The agricultural residues were collected

from local farm but, wood sawdust was collected from local

carpentry workshop in Zagazig City, Sharkia Governorate.

Cotton stalks, corn stalks, rice straw and sawdust were tested

in this study.

The following steps were done to produce particle boards:-

Material preparing:

Agricultural residues were cleaned by sieving and
then all particles were dried at 100 - 110°C until 3 % moisture
content. The chopping and grinding process was used to
produce diameter agricultural residues of the final products of
3 - 20 mm. The products were graded to smooth grades less
than >5 cm. Then, the agricultural residues components are
mixed with soft sawdust (as filler) at mixing machine with
ratio of 1:1.

The developed mixing machine was fabricated and
tested is shown in Fig. 2. The overall dimensions are: total
length of 900 mm, diameter of 400 mm, the A stainless steel
mixing chamber was length of 500 mm. The main parts:
1-The mixing chamber;
2-stirring auger with fingers made of rubber;
3-Electric motor; 4- Switch operating; 5- base stand.

/A stiming auger

/—JMK

, =g
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9000 5m.

Mixing device Motor connection to stirrer shaft

Fig. 2. The schematic diagram of the main parts of a
mixing machine
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Materials Adhesive was added: The urea-formaldehyde
resin (UF) (the pH is 7.5—8.0, 66 % solid content) was mixed
with agricultural residues (raw materials) with percentage
ratio of 10 %, sodium silicates, paraffin wax and Hardener:
ammonium chloride were mixed with agricultural residues
with percentage ratio of 5 %. Fire-retardant (Flame retardant):
A mixture of diammonium phosphate (NH4).HPO,4 and boric
acid (burnblock) is non-toxic, made from ingredients that
occur naturally in wood and cotton such as (cellulose) are
used as an effective flame repellant, and the materials were
purchased from Kaimei Chemical Technology Co., Ltd. Fire-
retardant ratio were as follows: 0, 5, 10, 15 and 20 %. Fire
retardant was mixed with only to upper and lower layers
particles before the compression process. A stainless steel
hollow mold was made with dimensions of 25 x 20 x 5 cm
and a frame of 2.5 cm in all directions, show in fig. 3.

Fig. 3. Photograph of hollow mold
The material was placed in the mold to perform the
pressing operations, the Thermo mold is attached to a
thermometer that is used to measure and control the
temperature. Then, samples were dried at20 °C +2 ° C and
18 % + 5% relative humidity until a stable mass was obtained
in Fig. 4 show manufactured particle boards.

ﬁ"\

Fig. 4. Manufactured particle boards

The particle board dimensions were length of 250 mm,
width of 200 mm, and All above carried out under four
thicknesses of 14, 16, 18 and 20 mm. The pressing conditions
were as follows; press temperature: 100, 120, 140, 160 C°. Press
time: 10-15 min and pressure: 7 - 8 N/mm?. A comprehensive
test device was used to evaluate the mechanical properties of
particle board. Values represent the average of 15 samples and
for determine fire resistance: Test specimens with dimensions of
250 % 200 x (14, 16, 18 and 20) mm were prepared and fixed fire
testing device was used to  determine fire resistance values
represent the mean of 5 specimens at all tested parameters.
Mechanical properties

Bending strength conducted to calculate module of
rupture and module of elasticity. There were measured using
Particle board load testing device in the Laboratory at the
Faculty of Engineering, Cairo University. Pressure gauge that
gave a pressure configurations 500 kN. The load was applied
at the center of the tested specimens at material resistance
equipment until the maximum load was reached and
crosshead speed of the load was set at 9 mm.min

The module of rupture was calculated from Equ. 1
while, the module of elasticity computed from Equ. 2.

MOR=@3PL)/(2ae? ,(Nmm?......... )
Where:
“MOR” Module of elasticity (N/mn?), “P” was the applied load, (N),
“L” distance between supports (mm), “a” the width of the specimen,

(mm) and

“e” nominal thickness of the specimen, (mm),
MOE =(P: L% /(4 ae’yi), (N/mnv)

Where:

“MOR” Module of rupture,

“P,” was the proportional limit load, (N),

“y” the deflection in the proportional limit, (mm),

“e” nominal thickness of the specimen, (mm),

“a” width of the specimen, (mm) and

“L” distance between the supports, (mm).

Physical properties

Physical properties were tested according to the
Colombian technical standard (NTC) 2261.

The water absorption and thickness swelling for
particle boards were conducted under particle boards
dimensions of 50 x 50 mm for different thicknesses of 14, 16,
18 and 20 mm. But, start time to ignition, time of ignition
glowing, mass loss and ratio of width to length burnt area
were evaluation for particle boards dimensions of 250 x 200
mm under different thicknesses of 14, 16, 18 and 20 mm. in
accordance to 1SO 11925-3 (1997).

Water absorption and swelling thickness properties

The particle boards were soaked in water with pH of
6 + 1 for 2 and 24 hours. Board thickness and mass were
measured before and after the immersion determined
according to the following formula (Unsal et al., 2009):

WA2 -WA1
WA(%) = —yya;— X100.......1 (3)
Where: WA is the water absorption rate %o,
WA, is the particle board mass after immersion 2 and 24 hours, g,

WA\ is particle board mass before immersion in water, g.

27 TSl

TS
TS(Oh)= —5—° ... (4)

Where: TS is the swelling-thickness rate,

TS, is the particle board thickness after immersion in water for 2 and 24
hours, mm,

TS, is particle board thickness before immersion in water, mm.

Fire retardant test

The tests were conducted for number of panels
according to the Japanese Industrial Standard JISA 1322
(1982). The fixed fire testing device was used as shown in Fig.
5 which particle board was put at a 45° angle. The heating
flame was adjusted to a height of 27 mm and was applied for
10 min. Sample thickness and lengths were measured using a
digital micrometer having 0.01mm gradients. The recorded
values represent the mean of 5 samples per each treatment.
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Fig. 5. Schematic of fixed fire testing device
RESULTS AND DISCUSSION
1. Particle boards mechanical properties

Fig. 6 (A and B) shows the effect of particle board
thickness, pressing temperature and crop-residues type each of
modulus of elasticity and modulus of rupture for particle
boards. Data in Fig. 6 (A) show that the maximum modulus of
elasticity of 4750 N/mm? N/mm? was obtained using cotton-
stalk particle boards, pressing temperature of 140 °C and
particle board thickness of 14 mm. Meanwhile, the minimum
modulus of elasticity of 1735 N/mm? was obtained using rice
straw, pressing temperature of 100 °C and particle board
thickness of 20 mm. on the other side in Fig. 6 (B) show,
whereas, the maximum modulus of rupture of 36.3 N/mm? was
obtained wusing cotton stalk particle boards, pressing
temperature of 140 °C and particle board thickness of 14 mm.
Meanwhile, the minimum modulus of rupture of 13.1 N/mm?
was obtained using rice straw particle boards, pressing
temperature of 100 °C and particle board thickness of 20 mm.
All tested particle board using cotton stalk, corn stalk, rice straw
and sawdust at all tested thickness and pressing temperature
fulfill the minimum requirements in standards for general grade
of particle boards. On the other side, the properties based on TS-
EN 312 standard, 11.5 N/mm? and 1600 N/mm? are the
minimum requirement for modulus of rupture and modulus of
elasticity of particle board panels for general uses (TS-EN 319,
1996) and (TS-EN 312, 2005). According the utilization of
residues of tested crops cotton stalk, corn stalk, rice straw and
sawdust for manufacturing of particle boards with thickness of
until 20 mm.

2. Particle boards physical properties
The water absorption.

Fig. 7 (A and B) shows the effect of particle board
thickness, pressing temperature and crop-residues types on
the water absorption percentage after 2 and 24 h for particle
boards. Results showed the maximum averages of water
absorption percentage after 2 and 24 h of 28 and 73 %
respectively under using rice straw particle boards, pressing
temperature of 100 °C and particle board thickness of 20 mm.
Meanwhile, the minimum averages water absorption after 2
and 24 h were 17 and 41.4 % using cotton stalks particle
boards under pressing temperature of 160 °C and particle
board thickness of 14 mm. It is found that by decreasing
particle board thickness the percent of water absorption
decreases on abnormally by increasing of pressing
temperature the percentage of water absorption decreases.
Swelling thickness.

Fig. 8 (A and B) shows the effect of particle board
thickness, pressing temperature and crop-residues type on
swelling thickness percentage after 2 and 24 h. Results show

that the maximum averages swelling percentage after 2 and
24 h recorded 22.3 and 33.7 % respectively under using rice
straw particle boards under pressing temperature of 100 °C
and particle board thickness of 20 mm. Meanwhile, the
minimum averages swelling percentage after 2 and 24 h were
11.5 and 24 % respectively, were obtained using cotton stalks
particle boards, pressing temperature of 160 °C and particle
board thickness of 14 mm.
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The increasing of water absorption by increasing
particle board thickness is due to increasing of particle board
volume. Meanwhile, the decreasing of water absorption by
increasing pressing temperature is due to decreasing of
particle board porosity. (TS-EN 312, 1996).
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Fig. 8. A and B. Effect of particle board thickness,
pressing temperature and crop residues type on
the swelling thickness after 2 and 24 h

The Time to onset of ignition.

Fig. 9 shows the effect of particle board thickness,
crop-residues type and fire retardant percentage on the time to
ignition for the particle boards.

Results show that the maximum average of the time to
ignition is 248 s at using cotton-stalk particle boards and fire
retardant of 15 % under particle board thickness of 20 mm.
Meanwhile, the minimum average of the time of ignition of 28.1
s under using rice straw particle boards under fire retardant of 0
% and particle board thickness of 14 mm. This is in an agreement
with Hume (1992) which, stated that the time of ignition
increases with the increase of the testing material thickness.

The time to onset of ignition glowing.

Fig. 10 shows the effect of particle board thickness,
crop-residues type and fire retardant percentage on the time to
ignition of glowing for the particle boards.

Results show that the maximum average of the time
to onset of ignition glowing of 158 s under using cotton-stalk
particle boards, under fire retardant of 15 % and particle board
thickness of 20 mm. Meanwhile, the minimum average of the
time to ignition of 93 s under using rice straw particle boards,
fire retardant of 0 % and particle board thickness of 14 mm.
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Fig. 10. Effect of particle board thickness, crop-residues
type and fire retardant percentage on the onset
of ignition glowing

Increasing the percentage of fire retardants on particle
boards surface layer which increasing the times to onset of
glowing.

Mass loss.

The data presented in Fig. 11 shows the effect of particle
board thickness, crop-residues type and fire retardant percentage
on the mass loss of particle boards. It is found that the maximum
average of mass loss of 33.2 % was obtained using rice straw
particle boards, under fire retardant of 0 % and particle board
thickness of 20 mm. Meanwhile, the minimum average of mass
loss is 7. 6 % under using cotton-stalk particle boards, fire
retardant of 15 % and particle board thickness of 14 mm.
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Fig. 9. Effect of particle board thickness, crop-residues
type and fire retardant percentage on the onset of
ignition.

Fig. 11. Effect of particle board thickness, crop-residues type
and fire retardant percentage on the mass loss

Width and length of the burnt area.

Fig. 12 (A and B) shows the effect of particle board
thickness and fire retardant percentage on the burnt area for
the particle boards. Data in Fig. 12 (A) show that the
maximum average the width of 120.07 mm under using rice
straw particle boards, fire retardant of 0 % and particle board
thickness of 20 mm. Meanwhile, the minimum average the
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width of 85.1 mm recorded using cotton-stalk particle boards
under fire retardant of 15 % and particle board thickness of 14
mm. on the other side in Fig. 12 (B) show, whereas, the
maximum average the length of 130 mm was obtained using
rice straw particle boards, fire retardant of 0 % and particle
board thickness of 20 mm. Meanwhile, the minimum average
of the length of 86 mm was obtained using cotton-stalk
particle boards, fire retardant of 15 % and particle board
thickness of 14 mm.
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Fig. 12. A and B. Effect of particle board thickness, crop-
residues type and fire retardant percentage on
width and length the burnt area

CONCLUSION

The optimum conditions to produce particle board
using cotton stalks, corn stalks, sawdust and rice straw were:
pressing temperature of 140 °C, swelling time of 2 h, particle
board thickness of 14 mm and fire-retarding content of 15 %.
According to European and Turkish standards of TS-EN 319
& TS-EN 312. Mechanical and physical properties particle
board under the previous the optimum conditions were:
modulus of elasticity of 4750, 4323, 4193 and 4067 N/mm?
and modulus of rupture of 36.3, 31.9, 30.9 and 30 N/mm?,
Averages of water absorption percentage of 18.2, 17.8, 19.6
and 19.7 % and averages swelling percentage of 12.8, 13, 13.4
and 13.6 % for 2 h. The time to ignition of 73, 70.8, 68.7 and
66.6 s, ignition glowing time of 128, 125.5, 121.7 and 118 s,
mass loss of 8.2, 8, 7.79 and 7.56 %, width of the burnt area
of 87.72, 88.6, 90.4 and 91.4 mm and length of the burnt area
of 85.7, 88.4, 91.1 and 92 mm for cotton stalks, corn stalks,
sawdust and rice straw respectively. Cotton stalks and rice
straw produce 2.00 and 3.5 Mt available annually. The
utilization of these residues in particle board would add
economic value.
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