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Abstract

In order to utilize agricultural waste fibers as an al-
ternative resource for composites, a number of vari-
ables were investigated to determine whether the me-
chanical and physical properties of agro-based
fiberboard could be improved. Fibers were classified
into four different mesh sizes and used to evaluate the
effect of fiber size on the mechanical and physical
properties of the composite. Moisture content (MC)
of the furnish and additional moisture from the resin
applications were significant factors influencing the
mechanical properties of the composites. Medium
density fiberboard (MDF) made from bagasse fibers
with 8 percent MC had a 63-percent increase in modu-
lus of rupture (MOR) and a 30-percent increase in
modulus of elasticity (MOE) compared to composites
manufactured with 0 percent MC fumish. For ba-
gasse MDF, a compounded resin system of 1 percent
4,4'-diphenylmethane diisocyanate (p%DI)M percent
urea-formaldehyde (UF) performed as well as panels
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with 4.5 percent MDI in MOR and 3.5 percent MDI in
MOE. Internal bond (IB) test results also showed that
the modified resin system had slightly lower IB
strength than with 4.5 percent MDI. Static bending
and tensile strength parallel- and perpendicular-to-
the surface increased as fiber aspect ratios increased
from 3 to 20. Fiber bundles (11% of weight fraction, >
40 mesh) and particles smaller than 80 mesh size
were responsible for the mechanical property loss of
agro-based composites. Hardboard appeared to be
the most promising panel type based on compatibility
and property enhancement. Two mixing combina-
tions (50/50 and 25/75) of bagasse/tallow tree fibers
yielded mechanical and physical properties which
statistically differed insignificantly from higher pro-
portions of Sapium fibers and provided the maximum
utilization of bagasse fibers into the panels.

Introduction

Fibrous materials from agricultural residues or
weed trees have great potential for replacing wood in
composite materials (Bowyer and Stockmann 2001).
Whetherused alone or in combination with wood, ag-
ricultural residues provide an attractive option to tra-
ditional composites (English et al. 1997). Because of
environmental pollution and decreasing fiber re-
source availability, investigation and development of
new products based on the utilization of agricultural
residues and waste paper is gaining much attention
(Lee and Lee 1994). Mobarak (1975, 1982) mentioned
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the use of several agricultural residues such as the
wheat straw, rice straw, cornstalk, and other grasses
for paper and board production. Utilization of renew-
able agricultural raw materials is one key to the sus-
tainable and environmentally acceptable production
of many manufactured materials, ranging from low-
cost commodity items to advanced, high-perfor-
mance products (Backiel 1995).

Bio-based fiber resources such as bagasse, com
stalks, kenaf, rice husks/straws, and wheat straws are
available in different locations in North America.
However, agro-fibers provide unacceptable mechani-
cal and physical properties when compared to virgin
wood. The poor strength properties of agro-fiber pan-
els are due to the Jower cellulose content (Kuo et al.
1998, Hse 2000, Han et al. 2001). To avoid low
strength properties, agro-fiber panels have been pro-
duced with a higher amount of resin because of the
nature of the fiber and incorporated materials. The
increased adhesive use resulted in a higher manufac-
turing cost even when renewable agricultural fibers
are used as the furnish. Therefore, this study tested
different resin types to establish mechanical and
physical performance. The cost of using each resin
was also considered. This project also attempted to
find an optimal composite formulation for non-wood
(bagasse and bamboo) and wood-based fibers (Chi-
nese tallow tree [Sapium sebiferum]).

Bagasse is the fiber residue from processed sugar
cane. Each year more than 4.5 million tons of bagasse
is generated in the United States, mainly in Louisiana,
Florida, and Hawaii, and it is typically burned in
steam boilers to generate energy for industrial use
(Choose Green Report 2001). Insulation board, hard-
board, and medium density fiberboard (MDF) have
been produced using bagasse fibers in both non-
structural and structure panels. Hardboard, with an
extremely high target density, was the anly way to
achieve compatible mechanical and physical proper-
ties with agrofiber-based composites. Thermal treat-
ment of bagasse fibers reduced static bending
strength but increased dimensional stability (Sefain
1978, Kuo et al. 1998). Improving mechanical proper-
ties and enhancing dimensional stability are two pos-
sible research opportunities for bagasse fiber com-
posites. Material (surface) treatments such as
acetylation, polymer grafting, cyanoethylation, and
impregnation have also been applied to increase pro-
duct performance (Nada 1989, Rowell et al. 1991,
Hassan et al. 2000). Depithed bagasse fibers provided
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an increase of 40 to 60 percent in mechanical proper-
ties (Atchison 1985).

Bamboo (Bambusoideae) is also a well-known
agro-based fiber resource that can be turned into
value-added composite products due to its bending
stiffness and strength development as well as dimen-
sional stability. Many studies have reported on the
influence of bamboo fiber on the properties of compos-
ites such as oriented strandboard (OSB), particleboard,
fiberboard, cement-bonded particleboard, and the
impact of fiber reinforcement in the thermoplastic
matrix (Jindal 1986, Shin 1989, Jain 1992, Lee et al.
1997, English 1997, Bai et al. 1999, Kawai et al. 2001).
Therefore, bamboo fibers are an already accepted fi-
ber resource of non-wood-based ligno-cellulosic fi-
bers and can contribute as a value-added component
for agro-based MDF.

Chinese tallow tree (Sapium sebiferum) was intro-
duced into the United States (Bruce 1997) and is one
of the fastest growing and reproducing species
throughout the southeastern United States. It has
been considered as a weed or noxious species by the
U.S. Department of Agriculture (USDA) (Jubinsky
1996, Keay et al. 2000) because it can readily become
the dominant plant in disturbed vacant lots and aban-
doned agricultural land. It has the ability to invade
natural, wet prairies and bottomland forests. Chinese
tallow is the most successful exotic invader of the na-
tive woodlands in southwestern Louisiana. It has the
potential to invade surrounding marshes, changing
thern from herbaceous to wood plant communities
and creating unbalanced ecosystems (Bruce 1997,
Urbatsch 2000). Sapium, however, has considerable
potential for composite manufacturing in combina-
tion with bagasse fibers which also grow in the same
area. The reduction of the quantity of this invasive
species in the ecosystem will help it to retum to a
more natural state and allow native plants to perform
better.

Reacting polyfunctional alcohol with a diiso-
cyanate makes prepolymers. When the prepolymer is
in molar excess, the prepolymer is hydroxyl-term-
inated and cannot grow further until additional diiso-
cyanate is added (Marra 1993). Urea-formaldehyde
(UF) is an important wood adhesive for interior appli-
cation due to its low production cost and compatible
stiffness and strength of MDF made with wood-based
fibers (White 1995). However, UF resin itself is less ef-
fective for binding agrofibers. Various resin systems
have been developed to obtain increased strength
properties and dimensional stability of agro-based



composites. Adhesives included in some UF modifi-
cation research include phenol-formaldehyde (PF)
and pMDI (4,4'-diphenylmethane diisocyanate). Hse
etal. (2000, 2001) reported that 1 percent pMDI and 6
percent UF resin system provided better mechanical
and physical properties, with an increased economic
gain, than using a single pMDI system for MDF manu-
facturing. Therefore, the goal of this research is to de-
velop a multi-polymer resin system consisting of UF
and pMDI and to optimize the physical and mechani-
cal performance of agrofiber-based composites.
The specific objectives were to:
o evaluate the effect of pMDI concentration and fi-
ber MC;
¢ determine the effect of fiber morphology and as-
pect ratios on mechanical properties;
» investigate fiber mixing combination with panel
types (bagasse/tallow and bagasse/bamboo); and
» evaluate the effect of modified (pMDI/UF) adhe-
sive, conclusively.

Materials and Metheds

Agro- and wood-based fibers
» Bagasse fibers, Chinese tallow tree (Sapium sebife-
rumy), and bamboo (Phyllostachys pubescens)
e MC 8 percent.
» Single disk refiner with a 0.005-inch plate clear-
ance (Chinese tallow and bamboo).

Adhesives: Mechanically combined 1 percent
pMDY/4 percent UF
* Urea-formaldehyde (UF): Dynea U.S.A. Inc.
(Chembond YTT-063-02; 60% solids).
» Polymeric diphenylmethane diisocyanate (pMDI):
Huntsman Polyurethane (RUBINATE® 1840; 1.2
specific gravity).

Fiber classification and critical fiber
dimensional measurements .
« Particle size classifier (5 min.) - USA standard 40,
60, and 80 meshes (TAPPT 1995).
. Material) density using Amsler volume-meter (VM
9).

» Image analysis using Image Pro-Plus, Version 4.5 -
0.26 by 0.26-inch segments.

Experimental variables and panel fabrication
6- by 6- by 0.25-inch panels
« Screen fractions: +40, ~40/+60, -60/+80, and -80.
« Panel types: single and multi-size with classified fi-
bers. :
» MC: 0 percent, 4 percent, and 8 percent

» pMDI] application levels: 2.5 percent, 3.5 percent,
and 4.5 percent
¢ Mechanical and physwa] properties based on
ASTM D 1037-99.
12- by 12- by 0.25-inch panels
» Fiber mixing combinations in weight fractions.

— Bagasse and tallow: 100/0, 75/25, 50/50, 25/75,
and 0/100 with 8 percent UF, 2.5 percent pMDI,
and 1 percent pMDI/4 percent UF (45 panels

 total)

— Bagasse and bamboo: 75/25 50/50, and 0/100
with 1 percent pMDVI/4 percent UF and three
panel types (24 panels total)

« Panel types: hardboard, MDF, and BCP (bagasse

core panel: 50% and 75%).

» Mechanical and physical properties based on
ASTM D 1037-99.

Results and Discussion

Effect of MC and pMDI concentration levels on
bagasse fibers

Figure 1 and 2 show the effect of MC and pMDI
concentration levels on the mechanical properties.
Increased furnish MC from 0 to 8 percent increased
mechanical performances of bagasse-based MDF
without a significant difference in internal bond (IB)
strength properties. Furnish and additional moisture
from resin (60% solid content) acted as significant
factors on panel property development. This result in-
dicates that eliminating material drying expenses can
be a contribution in panel products. Eight percent
MC provided a 63-percent increase in MOR and a
30-percent increase in MOE compared with 0 percent
MC. Increased resin content also contributed to MOR
and MOE development. Property performance
(MOE, MOR, and IB) of mechanically modified resin
(1% pMDV/4 % UF) provided an equal or better to 4.5
percent pMDI and 3.5 percent pMDI. Statistically in-
significant difference between 2.5 percent and 3.5
percent pMDI usage on IB strength was also ob-
served. One hundred percent bagasse fibers and 2.5
percent pMDI yielded poor mechanical properties
due to the insufficient surface coverage.

Aspect ratios (1/W) and fiber morphelogy

Table 1 shows aspect ratios of two fibers from a
particle classifier and generated from image analysis.
It should be noted that the screen fractions from 40 to
60 mesh had more than 50 percent (ovendried weight
basis) of both fiber types. L/W decreased with in-
creased screen fraction.
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Figure 1. - Influence of MC ov: the naecherdeal proper-
ties of MDF made fromt bagasse fibers wad 2.5 percent
PMDI.

Tablc 1. — Aspect ratios of two fibers from particle classi-
fier and generaied from image analysis of 0.26- by
0. 20vinch segments.

Screan fraction Bagasse Bamboo
+40 265 (104 -226) 264 (1.1 ~207)
40460 97(L1~644)  10.1(12-483)
604580 66(1.1~383)  663(1.0-365)
80 54 (10 ~32.2) 15010~ 21.7)

Larger particles showed a relatively clean surface
observed from the bagasse fibers. Average L/W insig-
nilicantly dilTers from each other. Bagasse fibers con-
sisted of longer and thicker fibers than bamboo fi-
bers. Even though the bagasse fiber had a higher
average liber length and diameter, inherent slender
morphology of barnboo libers were cnhanced as well
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Figure 2. — Mechanical properly changes with in-
creased resin content of MDF manufuctured from ba-
gasse fibers with 8 percet MC.

as < 60 mesh size. This may contribute to the fiber net-
work sysiem during panel fabrication. Material
density was 29.28 pcl for bagasse and 46.73 pcf for
bamboco. To achieve the target densily (42 puf) for
MDF, bagasse fiber required more fibers for panel
manufacture which can contribute to a resin shortage
when producing acceptable panel properties.

Infivence of aspect ratios (L/W) on mechanical
propertics

The influence of the fiber’s dimensional characteris-
tics on the mechanical properties of agro-based com-
posites was also evaluated. Figure 3 and 4 show the in-
fluence of fiber fraction of twt fibers on MOR and
MOE, respectively. Iiber size influenced MOR and
MOE of MDF except fbers classified as > 40 mesh.
MOR and MOE increased with increased aspect ratios.
Fiber fraction > 40 (1./W - 24.5) of bamboo fibers pro-
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Figure 3. — MOR of 6- by 6- by 0.25-
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vided the highest MOR and MOE. L/W (< 3.5) may pro- made from both classified fibers. The highest IB was
vide a negative contribution to the MOE and MOR of 146 psi for bamboo fibers and 79 psi for bagasse. Di-
MDF made with unclassified fibers. The fine geometry mensional characteristics (length and diameter) in-
produced discontinues fibers in panels and may pro- fluenced IB strength of ag-based panels and showed
vide less effective stress transfer. different behavior with bamboo fibers. The IB

Figure 5 shows the influence of aspect ratios and strength changes rapidly with aspect ratios from 3.5
size fraction on internal bond (IB) strength of MDF to 10. Less than 80 mesh (L/W = 3.5) showed the low-
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Table 2. — Effect of fiber mixing ratios and resin sypes on the mechanical/physical properties of agrofiber-based contpos-

Hes,
Fiber mixing ratios (bagasse tibersitallow tree fibers)
Adhcsive types® and propertics 100/0 75425 50/50 25775 0/100
8% UF MOR (psi) 1918 2.139 2,737 2490 1,251
MOE (x 103 psi) 232 273 260 216 199
1 (psi) 56 34 56 32 40
TS (%) 17 22 2% 31 £
WA (%) 38 97 101 107 137
2 5% pMDI MOR {psi) 757 2,235 2,673 2,895 4,153
MOJE (x 10° psi). 163 279 269 265 343
8 (psi) 46 71 108 154 189
TS (%) 21 19 18 17 16
WA (95) 48 31 30 31 25
1% pMD14% LFF MOR (psi) 2,232 2,937 3.656 1,676 4,898
MOE (x 10 psi) 313 354 351 322 389
1B {psi) 83 98 12 118 122
TS (%) 17 17 17 19 18
WA (%) 27 26 24 27 28

# UF = urea formaldehyde: pMDI = polyimneric diphenylmethane disocyanate;

est 1B from this study. Particle morphology appeared
to be a major strength property reduction duge to the
role of surface arca. The improvement in bending
properties of MDF was attributed Lo particde geome-
tries of the classified fiber sizes as well as the inter-
action between surface area and amount of applied
adhesive.

Fiber mixing ratios (bagasse/tallow tree) and

Table 2 shows. the elleet of bagasseftallow fiber

mixing ratios and difTerent adhesive application on
panel properties. Resin type influenced MOE more
than fiber volume fraction. A modified resin
{(pMDYUY) provided better or equal performance of
the mechanical and physical properties. From this re-
sult we may conclude that the pMDI/UF system and
furnish meisture provide close to optimum MC for
PpMDI [unctionality. The guantity of UF provided an
extended volume 1o cover the exposed iber surface.
The 1 percent pMDT/4 percent UF system has great
poiential for increased dimensional stability as well
as mechanical values. MDF made with UF showed
poor dimensional stability when compared to that of
any other adhesive application. Modified pMDI/UL
system provided better dimensional stability regard-
less of fiber mixing combinations. Mechanical and
physical properties of bagasse volume fractions (50%%
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to 75%) insignificantly differed from Sapium sp. [i-
bers with UF resin. However, tallow tree fibers
¢100%) with 2.5 pcercent pMDI and 1 pereent pMDI/4
pervent UF showed statistically significant difference
compared (0 the other fiher mising ratios. MDF mude
from bagasse and Sapium fiber combinations of 50
percent/S0 percent and 25 percent/75 percent pro-
vided a better or equal mechanical and physical per-
formance than other fiber combinations with maxi-
mum bagasse fiber utilization.

Fiber mixing ratios (bagasse/bamboo) and
panel types

Table 3 shows the influence of bagasse/bamboo {i-
ber mixing ratios and panel types on mechanical and
physical properties of fiberboards. In general, the ad-
dition of bagasse fibers into the furnish results in de-
creased strength properties but not a significant dif-
ference in bending stiffness and physical properties.
Regardless of the fiber mixing ratio, hardboard
showed better mechanical and physical propertics
than MDNF and bagasse core panel. Tt should be noted
that 75 percent and 50 percent weighti fractions ol ba-
gasse showed an insignificant difference on the me-
chanical and physical properties regardless of panel
type. Therefore, bagasse fiber utilization combined
with other fiber resources can govern panel proper-
ties to optimize biomass utilization. Bamboo fibers




Table 3. — Mechanical and physical properties of
fiberboards (12- by 12- by 0.25-in.) made from combina-
txonsofbambooandbagasseﬁbmmth 1 percent pMDI/4
percent UF.

Fiber mixing ratios (bagasse/bamboo)
7525 50/50 0/100

High-density fiberboard
Density (pcH®  72(1.15)  68(1.09)  63(1.01)
MOR (psi) 4,659 4,770 5,734
MOE (x 103 psi) 520 516 548
1B (psi) 198 174 198
TS (%) 17 14 13
WA (%) 29 31 36
Medium density fiberboard ’
Density (pcH®  46(0.74)  45(0.73)  46(0.74)
MOR (psi) 1,691 1,948 2,613
MOE (x 103 psi) 257 285 367
1B (psi) 64 81 103
TS (%) 15 14 13
WA (%) 48 46 46
Bagasse core panel
Density (pcf)®2 =~ 46(0.74) 46 (0.74)
MOR (psi) 2,204 2,324
MOE (x 103 psi) 329 325 e
1B (psi) 38 50
TS (%) 17 15
WA (%) S0 48

% Value is parentheses is specific gravity.

also provided better mechanical and physical proper-
ties compared to the other fiber combination. The ba-
gasse core panel added some degree of mechanical
and physical property development compared to the
MDF.

Conclusions

This research investigated mechanical and physi-
cal properties of ag-based panels in terms of material
condition, modified adhesive, and furnish formula-
tion for biomass utilization. Mechanical properties of
MDF made from bamboo and Sapium sp. fibers and
modified adhesive were statistically superior to the
bagasse fibers from this study. The mixed resin for-
mulation (1% pMDI and 4% UF) resulted in equal or
better property values and possibly 66 percent less
resin cost compared to the 4.5 percent pMDI system.
Panel mechanical and physical property values are
strongly related to the furnish MC, moisture addition

from the adhesive, and resin content. Increased L/'W
from 3 to 20 and compaction ratios positively influ-
enced panel property development of agro-based
fiberboards. Fiber bundles in the screen fraction > 40
mesh may also lead to some mechanical property
loss. This result was supported by image analysis of
the agro-based fibers. Bamboo fibers had a better me-
chanical performance and more slender fibers than
the bagasse fibers. Therefore, material geometry and
fiber separation influence the mechanical properties
of agro-based MDF. Twenty-five to 50 percent of ba-
gasse fibers in the mixing combinations were benefi-

cial to manufacture ag-based panel. The high-density
fiberboard provided the best mechanical properties
from our study. It was found that hardboard made
from bagasse/bamboo combinations is compatible
with wood-based composites for mechanical and

physical properties.
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