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ABSTRACT: Switchgrass (SWG) has been used as a filler to produce conjugated linseed oil-based green composites. The effect of the

amount of the SWG; the matrix crosslink density; and the incorporation of a compatibilizer, maleic anhydride (MA), on the struc-

ture, water absorption, and thermal and mechanical properties of the composites has been investigated. The thermal stability of the

composites is primarily dependent on the amount of the SWG fibers, which are far less thermally stable than the linseed oil-based

resin. For the most part, improvements in the mechanical properties can be achieved by increasing the amount of SWG (up to 70 wt

%), increasing the amount of the crosslinker, and adding MA to increase the filler—matrix interaction. The uptake of water in the
composites is mostly influenced by the loading of the SWG fibers. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

With the recent push toward the use of environmentally friendly
materials, much attention has been given to the use of natural
fibers as a replacement for synthetic fibers in the preparation of
composites. Natural fibers have the main advantage of being bio-
renewable and biodegradable, but are also light in weight, have
high strength, and stiffness, and can be obtained at a very low cost.

“Green composites” is the term often given to composites pre-
pared from both natural fibers and a bio-based matrix. Of the
bio-based matrices often employed in the preparation of green
composites, natural oil-based resins are among the most com-
mon, because natural oils are available in large quantities and
are relatively inexpensive. These natural oils typically contain
multiple functional groups per molecule leading to highly cross-
linked thermosetting resins with very good thermal and
mechanical properties.

Of all the work on the preparation of natural oil-based green
composites, most have focused on the use of functionalized
natural oils. Early work in this area, conducted by Wool and
coworkers, prepared high performance composite materials
using flax, hemp, cellulose, and pulp to reinforce an acrylated
epoxidized soybean oil-based resin."> Aranguren and coworkers
employed a linseed oil monoglyceride maleates-based resin and
wood flour in order to produce green composites.” Several
groups have utilized resins containing epoxidized vegetable oils
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to prepare green composites. Epoxide-functionalized soybean
and linseed oils, and their derivatives have been used to prepare
bio-based matrices reinforced with various natural fillers,
including hemp, flax, and kenaf fibers and soy proteins.*”
More recently, acrylated epoxidized soybean oil has been used
in the preparation of biofoam and structural composites with
sisal, flax, hemp, and pulp as the natural fibers.*’

Unfunctionalized natural oil-based green composites have been
studied to a lesser extent. Composites prepared by Silva et al.
and Mohanty and coworkers utilized polyurethane resins based
on castor oil and coconut and sisal fibers'® and distillers dried
grains with solubles, the coproduct of dry mill ethanol produc-
tion,"" as a reinforcement. Work in our group has focused on
agricultural coproducts and residues produced here in the
Midwest to reinforce unfunctionalized regular and conjugated
natural oils. Spent germ,'? the coproduct of wet mill ethanol
production, soybean hulls,"”” corn stover,'* wheat straw,'” and
rice hulls'®'” have been used, along with tung, conjugated soy-
bean, and conjugated linseed oil (CLIN)-based resins to prepare
green composites. With natural fiber contents as high as 90 wt
%, all the aforementioned natural oil-based green composites
contain a significant amount of biorenewable materials and
most have properties suitable for applications in the automo-
tive, construction, and furniture industries.

The present work focuses on the use of switchgrass (SWG) to
reinforce a CLIN-based resin. Linseed oil is a highly unsaturated

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37536

1



ARTICLE

triglyceride oil containing approximately six C—C double bonds
per triglyceride. It consists of 57% linolenic acid (C18 : 3), 15%
linoleic acid (C18 : 2), 19% oleic acid (C18 : 1), and 4% stearic
acid (C18 : 0) and is typically used as a drying oil for surface
coatings.'®

SWG is a perennial warm-season grass native to North America.
A lot of attention has been given to the use of SWG as a bioe-
thanol feedstock, because it can be easily integrated into existing
farming operations, is highly productive, is suitable for marginal
lands, and has low water and nutritional requirements.'® But
there is also potential for the use of SWG as a reinforcement in
the preparation of composite materials and research in this area
has been conducted. Kuo et al. produced wood/agricultural
fiberboard, which utilized a soy protein-based adhesive to bond
wood and SWG fibers,”® and in another study, Van den Oever
et al. prepared petroleum-based thermoplastic composites con-
taining polypropylene and SWG.*' To our knowledge, research
on the use of SWG as a reinforcement in natural oil-based green
composites has not been reported.

EXPERIMENTAL

Materials

The linseed oil was supplied by Archer Daniels Midland (Deca-
tur, IL) and was conjugated to produce CLIN according to our
previously published procedure.®* The extent of conjugation
was calculated to be approximately 100%. The divinylbenzene
(DVB, technical grade; assay 80% by gas chromatography, 20%
ethylvinylbenzene), maleic anhydride (MA), and #-butyl per-
oxide (TBPO) were purchased from Sigma-Aldrich Corporation
(St. Louis, MO) and used as received. n-Butyl methacrylate
(BMA) was purchased from Alfa Aesar (Ward Hill, MA) and
used as received. The release film, Wrightlon® 5200, was
supplied by Airtech International (Huntington Beach, CA). The
SWG was supplied by Chariton Valley Resource Conservation
and Development (southern Iowa) and was ground to pass
through a 2 mm screen using a Wiley mill.

Preparation of Conjugated Linseed Oil/Switchgrass
Composites

The composites were prepared using a compression molding
process. The designated amounts of 100% CLIN, BMA, and
DVB were mixed and stirred. Five weight percent of the total
resin weight of the TBPO initiator was then added. The follow-
ing nomenclature is used: CLIN represents conjugated linseed
oil and BMA, DVB, and MA represent the n-butyl methacrylate,
divinylbenzene, and maleic anhydride comonomers, respectively.
For example, CLIN50-BMA30-DVB15-MAO5 corresponds to a
resin prepared from 50 wt % CLIN, 30 wt % BMA, 15 wt %
DVB, and 5 wt % MA and 5 wt % of this total weight was the
amount of TBPO initiator used. The resin mixture was added
to the SWG, which was dried in a vacuum oven at 70°C for
approximately 18 h prior to use. This mixture was stirred until
all of the SWG was wet and was then placed in the cavity of the
preheated (140°C) steel mold lined with the release film. The
mold was closed and cured at 140°C for 3 h, followed by 160°C
for 3 h, under a pressure of 400 psi. The mold was then placed
in an oven and cured under atmospheric pressure at 180°C for
2 h. Once the mold cooled to room temperature, the composite
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was removed and postcured at 180°C for 1 h. The reported
amounts of SWG are based on the initial amounts of SWG and
resin used. For example, for the composite containing 60 wt %
SWG, 40 g of resin was added to 60 g of SWG. The standard
composition used for preparing the composites was CLIN50-
BMA35-DVB15 and 70 wt % SWG. When one variable was
changed, the rest were held constant. In all cases, the matrix
composition was CLIN50-(BMA + DVB + MA)50. For exam-
ple, a composite designated CLIN-DVB05-70 refers to a com-
posite prepared using CLIN50-BMA45-DVBO05 as the resin and
70 wt % SWG as the filler. It is assumed that the remaining
undesignated comonomer is BMA.

It should be noted that in our previous work, we have prepared
unreinforced, free-radically cured natural oil-based resins, but
because of shrinking and cracking problems, these resins were
cured for much longer time periods (3 days) and at lower tem-
peratures. Since we are using higher cure temperatures and
much shorter times, we were unable to produce the unrein-
forced resin, because of the previously mentioned problems.
If the cure temperature was reduced and the time increased
in order to produce a viable unreinforced resin, it would be
inaccurate to compare the pure resin to the composites. For
these reasons, we are unable to obtain the thermal and mechan-
ical properties of the pure resin.

Characterization

Soxhlet extraction was used to determine the amount of soluble
materials in the composites and to characterize the structure of
the resulting composites. A 4.5 g composite sample was extracted
for 24 h with 110 mL of refluxing methylene chloride using a
Soxhlet extractor. After extraction, the resulting solution was con-
centrated on a rotary evaporator and both the soluble and insol-
uble materials were dried in a vacuum oven at 70°C overnight
before weighing. 'H-NMR spectroscopic analysis of the soluble
substances was carried out in CDCl; using a Varian Unity spec-
trometer (Varian Associates, Palo Alto, CA) at 400 MHz.

A Q50 thermogravimetric analyzer (TGA) (TA Instruments,
New Castle, DE) was used to measure the weight loss of the
samples under an air atmosphere. The samples were heated
from room temperature to 650°C at a heating rate of 20 °C/
min. Generally, a 10-12 mg sample was used for the thermogra-
vimetric analysis.

The dynamic mechanical properties of the composites were
obtained on a TA Instruments Q800 dynamic mechanical
analyzer (DMA) in tension mode. A rectangular specimen of
about 22 mm X 8.5 mm x 1.5 mm (length x width X thick-
ness) was cut from the samples. Each specimen was cooled to
—120°C and then heated under air at 3 °C/min to 200°C at a
frequency of 1 Hz.

The tensile tests were conducted at 25°C according to ASTM
D638 using an Instron universal testing machine (model 4502)
at a crosshead speed of 10 mm/min. The dogbone-shaped test
specimen (type I specimen in ASTM D638M) had a gauge
section with a length of 57 mm, a width of 12.7 mm, and a
thickness of about 4.5 mm.

The water uptake of the composites was measured according to
ASTM D570-98. The test specimens were conditioned by drying
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in an oven at 50°C for 24 h, cooled in a desiccator, and
weighed. The specimens were then immersed in distilled water
for 4 weeks. At specific time intervals, the specimens were
removed from the water, quickly wiped dry with a paper towel,
weighed, and placed back in the water. The water uptake was
calculated as:

Wet weight — conditioned weight

100
conditioned weight *

Water uptake , % =

At the end of the 4 week period, the specimens were recondi-
tioned by drying in an oven at 50°C for 24 h, cooled in a desic-
cator, and weighed to determine the amount of soluble matter
lost during immersion. The soluble matter was calculated as:

Soluble matter, %
__conditioned weight — reconditioned weight
N conditioned weight

x 100

RESULTS AND DISCUSSION

Soxhlet Extraction Analysis

The % soluble materials for the SWG and all of the composites
are given in Table I. The 2 mm SWG (entry 1) used in this
work contains approximately 3% soluble materials. Based on
the '"H-NMR spectrum [Figure 1(a)], the SWG extract seems to
consist mainly of a fatty substance. There appears to be very
little triglyceride oil. The extract appears to be a mixture of fatty
acids and derivatives.

Changing the amount of the SWG (entries 2—6); the crosslinker,
DVB (entries 7-10); or the compatibilizer, MA (entries 11-14);

Table I. Extraction Data and Thermal Properties of the Switchgrass and

Composites
Soxhlet
extraction TGA

Entry Sample % Soluble T4 (°C) Tsq (°C)
1 SWG? 3 292 348
2 CLIN-DVB15-50 3 311 425
3 CLIN-DVB15-60 3 305 407
4 CLIN-DVB15-70° 4 302 394
5 CLIN-DVB15-80 3 298 375
6 CLIN-DVB15-90 3 293 351
7 CLIN-DVB05-70 3 302 386
8 CLIN-DVB25-70 3 301 406
9 CLIN-DVB35-70 3 305 423
10 CLIN-DVB45-70 3 306 434
11 CLIN-DVB15-MAQ05-70 4 300 403
12 CLIN-DVB15-MA15-70 3 298 408
13 CLIN-DVB10-MAQO5-70 3 300 391
14 CLIN-DVBOO-MA15-70 4 296 389

@2 mm SWG, Standard composition: CLIN50-BMA35-DVB15-MAQ0, 70
wt % SWG.
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Figure 1. "H-NMR spectra of (a) extract of 2 mm SWG, (b) extract of
the CLIN-DVB15-70 composite, and (c) CLIN.

T
c

has little effect on the % soluble materials obtained from the
composites. All of the composites, regardless of the composi-
tion, have 3 or 4% soluble materials. Figure 1(b) shows that the
extract is mostly composed of unreacted CLIN or low molecular
weight oligomers containing CLIN. This 'H-NMR spectrum is
representative of all of the composite extracts. The small range
of chemical shifts in the vinylic region (5.2-5.5 ppm) of the
spectrum and the absence of a peak at 2.8 ppm indicate that
the extracted oil is not conjugated and contains no bisallylic
protons. It may be that the unreacted oil contains significant
amounts of saturated or monounsaturated (oleic acid) fatty
acid side chains. It is also possible that the oil was incorporated
into an oligomer through one of the carbon-carbon double
bonds of a polyunsaturated fatty acid side chain, which would
result in a loss of conjugation and eliminate the possibility for
bisallylic protons. The presence of a small peak in the aromatic
region (~ 7.1 ppm) also indicates a small amount of DVB,
which is most likely part of an oligomer.

Thermogravimetric Analysis

The temperatures at 10% (T3y) and 50% (Tso) weight loss and
the TGA curves for the SWG and all of the composites are given
in Table I and Figure 2, respectively. From the TGA curves, it is
seen that the SWG and resulting composites essentially degrade
in three stages. The first stage corresponds mainly to the loss of
water in the temperature range of 100-150°C. In the final
two stages, the fiber components (cellulose, hemicellulose, and
lignin) of the SWG and the resin degrade. Because the degrada-
tion of the fiber components, when in an oxidative atmosphere,
is very complex, it is not possible to determine when each
degrades.”

The TGA curves and data show that the SWG is far less ther-
mally stable than the CLIN-based resin. Ty, and Ts, decrease
from 311 to 293°C and 425 to 351°C respectively, when the
amount of SWG is increased from 50 to 90 wt %. When look-
ing at the TGA curves given in Figure 2 for the composites pre-
pared with differing amounts of DVB, it is seen that the resin
most likely begins to degrade at around 375°C. It is at this
point where a large difference in the TGA curves is observed.
Since the resin does not begin to degrade until about 375°C,
varying the amount of DVB does not have much of an effect
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Figure 2. TGA curves for the (a) SWG and composites prepared from dif-

fering amounts of SWG, (b) composites prepared from differing amounts
of DVB, and (c) composites prepared from differing amounts of MA.

on the Ty, values, but T, increases from 386 to 434°C as the
amount of DVB is increased from 5 to 45 wt %. Increasing the
amount of DVB should significantly increase the crosslink den-
sity of the resin, resulting in an improvement in the thermal
stability. Again, changing the resin composition, this time by
incorporating a compatibilizer, MA, has little effect on the ini-
tial thermal stability of the composites. Replacing BMA (entries
11 and 12) and DVB (entries 13 and 14) with 5 and 15 wt %
MA has little or no effect on Tj,, but does have more of an
effect on Tso. If 15 wt % MA is used to replace BMA, an
increase in Tso from 394 to 408°C is observed, but it appears
that the crosslinker, DVB, is more important than the compati-
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bilizer with regards to the thermal stability of the composites.
As all of the DVB is replaced by MA, Tj, slightly decreases
from 394 to 389°C.

Dynamic mechanical Analysis

The rubbery plateau storage moduli (E') and glass transition
temperatures (T,) for the composites are given in Table II. The
T,s were obtained from the peak of the tan J vs. temperature
curves, which are given in Figure 4 along with the storage mod-
ulus vs. temperature curves. From the DMA data and curves, it
is observed that the SWG acts as an effective reinforcement to
increase the stiffness of the composites. E increases from 557 to
1002 MPa as the amount of SWG is increased from 50 to 80 wt
% (entries 1-4). But increasing the SWG loading further to 90
wt % (entry 5) results in a dramatic decrease in E'. Adding too
much SWG leads to a weaker material because an insufficient
amount of resin is available to wet the fibers and effectively
bind them together. As expected, increasing the amount of
DVB, and therefore the crosslink density of the resin, results in
significant increases in E, which increases from 677 to 1690
MPa as the amount of DVB is increased from 5 to 45 wt %
(entries 6-9).

MA is used as a compatibilizer to increase the interaction
between the CLIN-based resin and the SWG fibers. It is
expected that MA can be incorporated into the matrix through
the C-C double bond and also chemically bind to the fibers
through ring opening of the anhydride by the hydroxyl groups
present on the lignocellulosic fibers (shown schematically in
Figure 3). Seeing that E increases from 1001 to 1231 MPa when
15 wt % MA is used to replace BMA (entries 10 and 11), it can
be concluded that MA is a useful compatibilizer. But the
improvements in E' gained by the use of MA are not enough to
compensate for the removal of DVB. Replacing the crosslinker
with either 5 or 15 wt % MA results in a reduction in E
(entries 12 and 13).

From the tan 0 vs. temperature curves given in Figure 4, it is
observed that two peaks (Tgs) are present for most of the com-
posites indicating a phase separated matrix. The reactivity of
the vegetable oil and the comonomers used in the matrix are
very different. Initially, the more reactive DVB polymerizes
resulting in a homopolymerization or copolymerization with
BMA to form a “DVB-rich” phase. As the concentration of DVB
monomer decreases, more CLIN is incorporated into the poly-
mer to form an “oil-rich” phase. Each of these two phases have
their own separate Tgs: the “oil-rich” phase with a T, of ~ 15°C
and the “DVB-rich” phase with a T, of ~ 85°C. Similar results
have been observed in previous work.'> When the amount of
SWG is increased from 50 to 80 wt %, both T tend to
increase. Based on the shoulder peak at approximately —60°C
that becomes more evident as the amount of SWG is increased,
the increase in the T,s may be the result of a more phase sepa-
rated matrix. As the amount of SWG is increased, the mobility
of the larger oil molecule may decline, limiting its ability to be
incorporated into the polymer. This could lead to another phase
in the matrix that is even more “rich” in CLIN. If more oil is
incorporated into this phase and not in the other two phases,
that would explain the observed increase in the Tis.
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Table II. Thermomechanical Properties of the Composites

DMA Tensile properties
E T, E o

Entry Sample (MPa)? Q) (MPa) (MPa)
1 CLIN-DVB15-50 557 12,77 986 + 23 71 +0.5
2 CLIN-DVB15-60 868 15, 80 1190 = 49 7.2 +0.6
3 CLIN-DVB15-70° 1001 18, 76 1247 = 43 76 = 0.6
4 CLIN-DVB15-80 1002 22,83 1077 = 64 44 +0.6
5 CLIN-DVB15-90 421 72 385 + 91 09 +04
6 CLIN-DVBO0O5-70 677 25 937 = 51 59=+0.5
7 CLIN-DVB25-70 1379 -8, 87 1525 + 124 99+12
8 CLIN-DVB35-70 1487 -21, 87 1652 = 28 93=+0.7
9 CLIN-DVB45-70 1690 —-24, 89 1639 = 49 92=+1.0
10 CLIN-DVB15-MA05-70 1103 9, 85 1283 = 51 8.5+ 0.5
11 CLIN-DVB15-MA15-70 1231 4,85 1523 = 75 104 £ 21
12 CLIN-DVB10-MAO05-70 673 28,75 1235 + 62 85+09
13 CLIN-DVBOO-MA15-70 781 39 1070 = 73 6.6 =04

aStorage modulus at 150°C, PStandard composition:

Increasing the amount of DVB in the matrix causes a dramatic
outward shift in the Tis, resulting from a more phase separated
matrix. If only 5 wt % DVB is used, a homogeneous matrix
results with a T, of 25°C, but as the amount of DVB is
increased from 15 to 45 wt %, the Tis shift from 18 and 76°C
to —24 and 89°C respectively.

Adding MA at the expense of BMA tends to make the resin
more phase separated. The lower temperature T, decreases from
18 to 4°C and the higher temperature T, increases from 76 to
85°C as BMA is replaced by 15 wt % MA. But, as might be
expected, replacing the highly reactive DVB with 5 wt % MA
causes the two T to shift toward one another, indicating a
more homogeneous matrix. If all of the DVB is replaced with
MA, a homogeneous resin is obtained with a T, of 39°C.

Switchgrass
WW
HO Q, OH
OH
o]
Resin

Figure 3. Potential chemical link between the resin and the SWG fibers.
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CLIN50-BMA35-DVB15-MAO0O, 70 wt % SWG.

Tensile Properties

The Young’s moduli (E) and tensile strengths (o) for the com-
posites are given in Table II. As the amount of SWG is initially
increased from 50 to 70 wt %, E and ¢ increase from 986 to
1247 MPa and 7.1 to 7.6 MPa, respectively, but, because of an
insufficient amount of resin to bind the fibers together, increas-
ing the amount of SWG further to 90 wt % results in a signifi-
cant decrease in both E and o.

Increasing the crosslink density of the matrix, by increasing the
amount of DVB, tends to improve the mechanical properties. E
increases from 937 to 1652 MPa as the amount of DVB is
increased from 5 to 35 wt % and stays relatively constant when
further increasing to 45 wt %. However, ¢ peaks at 25 wt %
DVB and decreases slightly when more DVB is added. The ten-
sile strength increases from 5.5 to 9.9 MPa when the amount of
DVB is changed from 5 to 25 wt % and decreases to 9.2 MPa at
45 wt % DVB. The drop in ¢ above 25 wt % DVB is most likely
a result of a more brittle matrix caused by too much
crosslinking."*

Significant improvements in E and ¢ can be obtained by using
a small amount of a compatibilizer, MA, in place of BMA. As a
compatibilizer, the MA increases the filler-matrix interaction by
chemically binding the SWG fibers to the resin. Approximately
22% and 37% increases in E and o respectively were observed
by replacing 15 wt % BMA with MA.

DVB is used as an effective crosslinker to improve the thermal
and mechanical properties of the composites, but it is also quite
expensive. Limiting its use in the resin will make the composites
more economically advantageous, when finding applications in
industry. When 5 wt % DVB is substituted with MA, the
mechanical properties of the composites are retained. E
decreases very little from 1247 to 1235 MPa and ¢ improves
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Figure 4. E' and tan J curves for composites prepared with (a) differing
amounts of SWG, (b) differing amounts of DVB, and (c) differing
amounts of MA.

from 7.6 to 8.5 MPa, but replacing all of the DVB with MA
results in a reduction in both the strength and stiffness.

Water Uptake

The saturation water content, soluble matter lost, and total
water absorbed and the water uptake vs. square root of time
curves are given in Table III and Figure 5, respectively, for
selected composites. As expected and seen in the data and the
curves, the hydrophilic lignocellulosic SWG fibers have the larg-
est influence on the water uptake of the composites. The total
water absorbed increases from 33 to 45% when increasing the
amount of SWG from 50 to 70 wt % (entries 1 and 2), but
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more than doubles to 100% when further increasing the fiber
loading to 90 wt % (entry 3). The diffusion constant of water
in the composite, which is proportional to the initial slope of
the water uptake vs. square root of time curve, and soluble mat-
ter also increase significantly as the amount of SWG is
increased. Since all of the monomers are quite hydrophobic and
immiscible in water, it is expected that the soluble matter is
extracted from the SWG fibers. Changing the composition of
the resin, by either varying the amount of the crosslinker or
incorporating a compatibilizer, has a much lower effect on the
water uptake of the composites. Increasing the amount of DVB
tends to result in slight decreases in the soluble matter, water
absorbed, and the diffusion constant of the water (entries 4—6).
Whether MA replaces 15 wt % BMA or DVB (entries 7 and 8),
decreases in the water absorbed and diffusion constant of the
water are obtained. This is likely the result of the increased fil-
ler—matrix interaction and, therefore, “shielding” of the fibers by
the resin caused by the use of MA.

CONCLUSIONS

Green composites have been prepared using SWG as a reinforc-
ing filler for a bio-based resin containing CLIN. The compo-
sites, with a biorenewable content of 75-95 wt %, have thermal
stabilities up to 300°C and Young’s moduli and tensile strengths
ranging from 385 to 1652 MPa and 0.9 to 10.4 MPa, respec-
tively. Increasing the amount of SWG up to 70 wt % leads to
improved mechanical properties, but because of the low thermal
stability of the fibers, increasing the amount of SWG also results
in composites with a lower thermal stability. DVB is used as an
effective crosslinker and the thermal and mechanical properties
are enhanced by increasing its concentration. By incorporating a
compatibilizer, MA, to increase the filler-matrix interaction, an
improvement in the mechanical properties can be obtained.

Water uptake in the composites is primarily influenced by the
amount of the hydrophilic SWG fibers. Dramatic increases in
the water absorbed results from an increase in the amount of

Table III. Water Uptake Data for the Composites

Saturation  Soluble Water
water matter® absorbed®

Entry Sample content® (%) (%) (%)

1 CLIN-DVB15-50 31 21 33
2 CLIN-DVB15-70¢ 42 3.1 45
3  CLIN-DVB15-90 94 5.8 100
4 CLIN-DVB05-70 46 35 50
5  CLIN-DVB25-70 40 3.1 43
6  CLIN-DVB45-70 41 2.9 44
7  CLIN-DVB15-MA15-70 37 2.8 40
8  CLIN-DVB00O-MA15-70 40 3.4 43

®Saturation water content was taken from the plateau of the water
uptake vs. square root of time curve, PSoluble matter is the percent
mass lost during immersion, “Water absorbed is the sum of the saturation
water content and the soluble matter lost, “Standard composition:
CLIN50-BMA35-DVB15-MAQO, 70 wt % SWG.
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Figure 5. Water uptake vs. the square root of time for composites pre-
pared with (a) differing amounts of SWG, (b) differing amounts of DVB,
and (c) differing amounts of MA.

the SWG, although slight decreases in the water absorbed can
be obtained by increasing the amount of DVB or incorporating
MA. A high water uptake of the composites could be good or
bad depending on the intended application of the material. The
water will likely compromise the mechanical properties of the
composites, but should also accelerate the biodegradation of the
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SWG fibers. If the mechanical properties are crucial to the
application, it may be necessary to coat or seal the composite to
deter the absorption of water.

Polyethylene-, polypropylene-, and poly(vinyl chloride)-based
wood-plastic composites (WPCs) have found many applications
in the automotive and construction industries. Although slightly
weaker than traditionally used WPCs, the green composites pro-
duced here have the advantage of having a high annually renew-
able content and should find nonstructural applications as auto-
motive panels, wall panels, ceiling tiles, furniture, windows, and
doors.
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