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Abstract

Wheat straw—polypropylene (PP) composites were formed by mixing compression molding to evaluate the
susceptibility to mold fungi colonization. The surface morphology, water absorption, Fourier transform infrared
spectroscopy (FT-IR), and color variation of the wheat straw—PP composites were investigated before and after
colonization with five kinds of mold fungi (after 1, 2, 3, and 4 wk). Macromorphologic and micromorphologic
observations indicated fungal colonization was not obvious during the first week, and the wheat straw was perfectly
encapsulated in the PP matrix. The original cracks became small holes when the outer wheat straw at the top surface
was degraded after fungal colonization for 2 weeks. Consequently, the inner wheat straw was exposed to the fungal
environment, and fungal colonization increased. Similar change trends were obtained through FT-IR spectra and color-
change analyses. Some characteristic peak ratios in the FT-IR spectra were calculated to investigate the relative
degradation rate. Results showed that the fungi used in this study preferentially degraded hemicellulose, followed by
lignin, and then cellulose. The carbonyl and lignin indices were used to illustrate the loss in wheat straw mass during
the process of colonization. The carbonyl index showed good correlation with the color change. A similar conclusion
was obtained for the lignin index. The correlation analyses suggest color change has a close relationship to the process

of degradation in wheat straw.

VV ith environmental deterioration and the depletion
of natural resources, greater attention is being focused on
the study of wood—plastic composites (WPCs). WPCs can
be used outdoors, in place of wood and other materials, as
planking, guardrails, tables, chairs, and landscape mate-
rials. WPCs are generally viewed as inherently more
durable structural materials than are untreated woods of
the same species because the plastic matrix encapsulates
the wood and slows moisture uptake (Wolcott 1996).
However, a number of tests have suggested that wood is
incompletely encapsulated by the polymer matrix (Kam-
dem et al. 2004, Yildiz et al. 2005), and the wood
component in WPCs may allow moisture levels suitable
for fungal attack in outdoor situations. To investigate
decay patterns and the effects of fungal degradation on
the physical and mechanical properties of WPCs, many
studies have tested mass loss, color change, and
mechanical differences before and after fungal decay
and have used many methods to improve the durability of
WPCs against degradation by fungi (Mankowski and
Morrell 2000; Schirp and Wolcott 2005; Yildiz et al.
2005; Hosseinaei et al. 2012; Fang et al. 2013; Farahani
and Banikarim 2013; Gitchaiwat et al. 2013; Kartal et al.
2013; Kord et al. 2013, 2014; Li et al. 2013; Bazant et al.
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2014; Kositchaiyong et al. 2014a, 2014b; Liu et al. 2014;
Machovsky et al. 2014; Xu et al. 2014). Morris and
Cooper (1998) first showed the presence of fungal decay
and discoloration on WPC decking material in service.
Mankowski and Morrell (2000) examined the ability of
white- and brown-rot fungi to colonize WPCs by
measuring mass loss and anatomic changes. WPCs
containing a 70:30 wood:high-density polyethylene mix-
ture were found to be the most susceptible to fungal
attack. Many types of composites were investigated by
Yildiz et al. (2005) with Coniophora puteana and
Coriolus versicolor decay fungi. Their results showed
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that the quality of the composites decreased, and the
extent of decline was related to the polymer type and
dosage of wood powder.

However, most studies have investigated WPC resis-
tance to fungal decay based on decay fungi (e.g., brown-rot
fungus or white-rot fungus). Relatively few studies
(Dawson-Andoh et al. 2004; Hosseinaei et al. 2011,
2012; Liu et al. 2014; Kositchaiyong et al. 2014b; Xu et
al. 2015) have used mold fungi to colonize WPCs. Thus,
this study was initiated to evaluate the susceptibility of
wheat straw—PP composites to mold fungi. Five types of
mold fungi (Aspergillus niger, Chaetomium globosum,
Aureobasidium pullulans, Gliocladium virens, and Peni-
cillium pinophilum) were incubated according to the
ASTM G21-96 standard (ASTM International 2002). The
surface morphology, color change, and water absorption
parameters of the wheat straw—PP composite were
investigated before and after colonization with five types
of mold fungi (at 1, 2, 3, and 4 wk). In addition, the Fourier
transform infrared spectroscopy (FT-IR), under various
colonization times, was used to analyze the chemical
structure of the surface of the wheat straw—PP composites
exposed to mold fungi to better understand the degradation
mechanisms.

Experimental
Materials

The wheat straw was supplied by Jiangyin Huangtang
Co. (China). The wheat straw was crushed to flour, and
its particle size was less than 250 um. The flour was
oven-dried at 105°C for 24 hours to remove moisture. The
silane coupling agent (KH-550) was obtained from
Shanghai Yaohua Co. (China). The PP plastic film
(Jiangyin Dongfang Plastic Packaging Co., China) had a
melt flow index of 7 to 10 g/10 min and a density of 0.9
g/em?.

Methods

Preparation of wheat straw—PP composites.—The
amount of KH-550 silane coupling agent was fixed at 2
percent of the wheat straw. KH-550 and ethanol were mixed
at the ratio of 1:5. A speed mixer (K600-3205; Braun
Electric, Germany) was used to mix wheat straw fiber
thoroughly when the KH550 silane solution was sprayed on
the wheat straw. The fiber mixture was then dried at 105°C
for 12 hours. The pretreated wheat straw was mixed with PP
film in an open rubber-mixing machine (X-160 Banbury
Mixer; Chuangcheng Rubber and Plastic Machinery Co.,
Wuxi, China) at a front-roller temperature of 175°C and a
back-roller temperature of 170°C for 5 minutes. Then, the
mixed compounds were transformed into sheet specimens
with a hot-press machine (XLB-0 Vulcanizing Machine;
Shunli Rubber Machinery Co., Huzhou, China) with a steel
mold (dimensions, 120 by 100 by 5 mm) under a molding
temperature of 180°C and a holding pressure of 12.5 MPa
for 12 minutes of molding time. The mass ratio of the wheat
straw to the PP was controlled at 50:50 for all blends.
Finally, the wheat straw—PP composites were cut to 100 by
10 by 5 mm before testing.

Mold resistance test—According to the ASTM (2002)
G21-96 standard, five types of mold fungi (4. niger, C.
globosum, A. pullulans, G. virens, and P. pinophilum) were
vaccinated into a potato—glucose medium. The molds were
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then cultured at a certain temperature and humidity for 7 to
20 days. Five types of spore suspensions were configured to
the same concentration with a nutrient solution and were
mixed equally and sprayed onto the surface of the wheat
straw—PP composites. The composites were then placed into
boxes (with constant temperature and humidity) to be
colonized at the following experimental conditions: tem-
perature, 28°C; humidity, 85 percent; and time, 1, 2, 3, and 4
weeks.

Micromorphology analysis—To visualize the extent of
colonization, a SMZ1000 stereomicroscope (Nikon Instru-
ments, Minato, Tokyo, Japan) was used to observe the
microstructure at the top surface of the wheat straw—PP
composites.

Water absorption—The water absorption of the wheat
straw—PP composite was measured according to GB/T
1934.1-2009 standard (Standardization Administration of
China 1992). The initial specimens were dried at 60°C for
4 hours. Then, the specimens were immersed in distilled
water for 6 hours. The water on the surface of the
specimens was dried with filter paper and subsequently
weighed. The specimens were again weighed after 1, 2, 4,
and 8 days of soaking in distilled water. The maximum
water absorption was reached when the difference
between the rate of water absorption between the two
times was less than 5 percent. The water absorption of the
specimens was measured according to the following
formula:

my — my
A:

- X 100 (1)
where A is the water absorption, myg is the initial weight
after drying, and m, is the weight after ¢ time of
immersion. The result was an average of five specimens.

FT-IR analyses—FT-IR absorption data were obtained
using Nicolet iS-10 (Thermo Fisher Scientific, USA). The
0.002-g specimens, obtained from the top surface of the
wheat straw—PP composite, were ground and dispersed in a
matrix of potassium bromide, followed by compression to
form pellets. FT-IR spectra were recorded in a range from
4,000 to 400 cm ™" at a resolution of 4 cm™" using 32 scans.
The result was an average of five specimens.

A typical method for analyzing degradation consists of
monitoring one or more bands of interest in relation to a
band that does not change during the colonization process.
Because the peak, at 2,918 cmfl, corresponded to the
asymmetric stretching vibrations of methylene (—CH—), the
groups that showed the least change during degradation
were used as a reference (Zhang et al. 1997, 2008). The
peak at 1,739 cm™ is often attributed to the contribution of
hemicelluloses because it is a result of the stretching of
carbonyl groups (C=0) in the hemicelluloses. The carbonyl
index, defined in a previous study (Stark and Matuana
2004), was calculated as follows:

Carbonyl index = T (2)
2,913

where / denotes the intensity. The peak intensity in the
carbonyl region was normalized to the intensity of the peak
at 2,918 cm™', which corresponds to the asymmetric
stretching vibrations of the methylene groups. The peak
value at 1,508 cm ™! is often attributed to the contribution of
lignin because it arises purely from aromatic skeletal
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vibrations (C=C) in lignin. Thus, the lignin index was
calculated as follows:

Lignin index = D08 (3)
hog

where I denotes the intensity. The peak intensity of aromatic
skeletal vibration originating from lignin (1,508 cm ') was
alsolnormalized using the intensity of the peak at 2,918
cm .
Color measurement—The surface color, before and after
mold colonization of the composites, was measured with a
chroma meter (HP200; Hanpu, China) according to the
Commission Internationale de I’Echlairage (1976) CIELAB
1976 L*a*b* color system, where L* represents the
lightness coordinate and varies from 100 (white) to 0
(gray); a* (with values from +150 to —150) represents the
red (+a*) to green (—a*) coordinates; and b* (with values
from +150 to —150) represents the yellow (+b*) to blue
(—b*) coordinates. The color change was calculated
according to Equation 4:

2 2 2 1/2
AE* = [(AL*)” + (Aa*)” + (Ab*)’] 4)

where AL*, Aa*, and Ab* represent the difference between
before and after colonization. The surface color was
measured at six locations on each specimen.

Results and Discussion

The surface macroscopic morphology
of the wheat straw-PP composite

Following the ASTM G21 standard, the scale for
observing the visual effects of fungal growth at the top
surfaces of WPCs with different colonization times is listed
in Table 1. The surface degradation of the composite
became more serious with increased exposure time to the
mold fungi. In the early stage of a fungal attack, the fungal
colonization was not obvious, and the extent of degradation
was only rated at Level 1 after 1 week of colonization. The
degradation intensified, however, after 2 weeks of coloni-
zation, and the mold coverage quickly reached Level 3. The
fungal growth reached Level 4 quickly after 3 weeks of
colonization.

The detailed macroscopic surface topography is shown in
Figure 1. Some small, white mold was observed at the cut
section of the specimens after 1 week of colonization. Many
hyphae were visible at the cut side, and a few hyphae could
also be observed on the top surface after 2 weeks of
colonization. The hyphae grew further, and the top surface
of the specimens had many white hyphae after 4 weeks of
colonization.

According to observations of the macroscopic morphol-
ogy, the fungal growth started from the cut surfaces of the
specimens, and because of that, the biodegradation of the PP
was very limited. The wheat straw at the cut side, which was
not wrapped in the PP matrix, was accessible to fungal
attack. Microscopic morphology was used to further analyze
the details of the degradation process.

The surface microscopic morphology of the
wheat straw—PP composite

Figure 2 shows the surface microcosmic topography of
the wheat straw—PP composites under different periods of
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Table 1.—The growth levels of the mold within the composites
after different colonization times.?

Colonization time (wk) Coverage levels

0 0
1 1
2 3
3 4
4 4

? 0 =no decay; 1, 2, 3, and 4 = microbial growth at <10 percent, 10 to 30
percent, 30 to 60 percent, and >60 percent coverage, respectively.

colonization. As shown, before colonization, the top
surface of the specimens was relatively smooth, with only
some small cracks in local regions, and the wheat straw
was mainly encapsulated by the PP matrix. After 1 week
of fungal attack, the exposed wheat straw at the top
surface served not only as points of moisture uptake but
also as a source of nutrients for the fungal propagules that
settled on the top surfaces. Fungal colonization was
initiated and anchored at those sites. The original cracks
became small holes after 2 weeks of fungal attack. The
extent of the degradation was more severe and the holes
became bigger after 3 weeks of exposure to the mold
fungi. The holes became larger and deeper after 4 weeks
of colonization.

Macromorphologic and micromorphologic observations
demonstrated that mold fungi first colonized the wheat straw
on the cut side; then, the exposed wheat straw on the top
surface was attacked, and the inner wheat straw was the last
to be degraded. Because the wheat straw on the top surface
was nearly encapsulated by the PP matrix, the colonization
was inconspicuous during the first week. The original cracks
became small holes when the wheat straw on the top surface
was degraded. Finally, the inner wheat straw was exposed to
the fungal environment, and degradation increased after 2
weeks of colonization.

Wheat straw-PP composite water absorption
after different colonization times

Water absorption is a good performance indicator of
susceptibility to fungal attack for materials that use
nondurable wheat straw without supplemental fungicidal
protection. Water absorption achieved by the wheat straw—
PP composites after different colonization times is shown in
Figure 3. The data in Figure 3 indicate that the water
absorption was lowest for the wheat straw—PP composite
before colonization, and the corresponding value was only
13.15 percent when soaked in distilled water for 192 hours.
However, water absorption by the wheat straw—PP com-
posite after 1 week of colonization had risen to 18.42
percent. Water absorption after colonization for 2, 3, and 4
weeks was similar, with values of 20.43, 20.66, and 20.68
percent, respectively.

According to the trend of the changes in water absorption,
we speculated that the inner wheat straw was mainly
encapsulated by the hydrophobic PP matrix after 1 week of
colonization, so the water absorption of the composites was
less than it was during subsequent weeks. The exposed
wheat straw at the top surface, however, was degraded after
2 weeks of colonization; the initial cracks became small
holes, and the inner, hydrophilic wheat straw was largely
exposed to the mold fungal environment. This resulted in
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colonization 1 wk

colonization 4 wk

Figure 1.—Macrostructure surface of wheat straw—polypropylene composites with different colonization times: (a) no colonization,
(b) colonization for 1 week, (c) colonization for 2 weeks, (d) colonization for 3 weeks, and (e) colonization for 4 weeks.

similar water absorption rates for the composites during the
remaining colonization periods.

FT-IR spectra of wheat straw-PP composites
at different colonization times

In this study, the FT-IR spectra were used to analyze
surface chemical changes of the wheat straw—PP composites
caused by the effects of fungal attack. The FT-IR spectra of
the wheat straw—PP composites under various colonization
times are shown in Figure 4. The values of main
characteristic peaks for the wheat straw—PP composites
are also displayed in Figure 4. The main characteristic bands
of the FT-IR spectra of the wheat straw—PP composites are
presented in Table 2.

As shown in Figure 4, most absorption peaks reduced
gradually with an increase in colonization time. The
biodegradability of the PP matrix was limited. Thus, a
calculation of the mass loss was based on the wheat straw
because it represents the main fungal food source within the
composite. Because the mass loss was not measured in this
study, the carbonyl index and lignin index were used to
analyze the mass loss during the process of colonization.
The changes for the carbonyl and lignin indices at various
colonization times are plotted in Figures 5 and 6,
respectively. As shown in Figures 5 and 6, the carbonyl
index and the lignin index decreased slowly during the first
week but decreased faster during the remaining 3 weeks.
The trend of the change for the carbonyl and lignin indices

Table 2—Characteristic bands of the infrared spectra for the wheat straw—polypropylene composites.

Wave numbers (cm ') Functional group

Assignment

3,423 O-H
1,739 —COOH(C=0)
1,635 C=0
1,508 Cc=C
1,457 CH
1,376 C-H
1,255 c-O
1,165 Cc-0-C
1,053 cO
898 C-H
2,952, 2,918, and 2,838 CH

O-H stretch (hydrogen bond)

Free carbonyl groups, stretching of acetyl or carboxylic acid (hemicelluloses)
C=O0 stretching vibration in conjugated carbonyl of lignin

C=C stretching of the aromatic ring (lignin)

Asymmetric bending in CHj (lignin)

C—H deformation in cellulose and hemicellulose

Guaiacyl ring breathing with CO-stretching (lignin and hemicelluloses), esters
Carbohydrate (in cellulose)

C-O stretch in cellulose and hemicellulose

C—H deformation in cellulose

C—H stretching of PP
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a) no colonization

] S0 pm

c) colonization 2 wk

(b) colonization 1 wk

Z

Figure 2.—Microstructure surface of wheat straw—polypropylene composites with different periods of decay: (a) no colonization, (b)
colonization for 1 week, (c) colonization for 2 weeks, (d) colonization for 3 weeks, (e) colonization for 4 weeks, and (f) colonization for

4 weeks. (The degraded holes are denoted with circles.)

was consistent with our macromorphologic and micromor-
phologic observations.

Wheat straw is mainly composed of cellulose, hemi-
cellulose, and lignin. The mass change of these three
components can provide important information toward
understanding the detailed process of colonization by
mold fungi. The peak value, at 1,739 cm !, was caused
by C=O stretching in the hemicellulose (see Table 2). The
peak value at 1,508 cm' arose purely because of the
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aromatic skeletal vibration (C=C) in the lignin. The peak
value of 1,255 cm™' was caused by the stretching in the
phenol—ether bonds of the lignin, whereas the 1,376,
1,165, and 898 cm™' peaks were because of the structural
contributions of cellulose and hemicellulose. Similar to a
previous study (Xu et al. 2013), we calculated several
peak ratios (listed in Table 3) to investigate the relative
degradation rate of cellulose, hemicellulose, and lignin
during the process of colonization. The value of /; 730/
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Figure 3—Water absorption of wheat straw—polypropylene
composites with different colonization times.

I 503 decreased from 1.18 to 1.05 after 4 weeks of
colonization, which showed that the degradation rate of
hemicellulose was greater than that of lignin. In addition,
I, 255/1 739 ratios increased from 0.81 to 0.95 after the 4-
week colonization, which proved that the fungi had a
relatively weaker capacity for degrading lignin compared
with degrading hemicellulose. The values of ) 376/1; 508,
[l,165/11,5085 and 1898/11,508 increased from 0.71 to 094,
from 0.69 to 0.95, and from 1.06 to 1.21, respectively,
after 4 weeks of colonization. These increases could be
attributed to the lessened ability of the fungi to degrade
the cellulose compared with the lignin. These data
suggest that the fungi used in this study preferentially
degraded hemicellulose, followed by lignin, and then
cellulose.

Color change in the wheat straw-PP
composite at different colonization times

The color differences before and after fungal degrada-
tion of wheat straw—PP composites are listed in Table 4 at

Carbonyl index
2% 5 3 A

—
—
1
1

Time /wk

Figure 5.—Carbonyl index of wheat straw—polypropylene
composites with different colonization times.

various colonization times. The value of the color change
was bigger when the material degradation was more
obvious. The data in Table 4 indicate that the mold fungal
degradation caused greater color change (AE*) in the
composites with an increase in the time of colonization.
The data in Table 4 also show that the AL* and Aa* were
both positive. It indicates that the color changes in the
wheat straw—PP composites were in the direction of white
and red with prolonged colonized time. Therefore, the
mold fungal degradation resulted in a discoloration of the
composites. The value of the composites’ Ab* became
negative during the initial 3-week colonization. This shows
that wheat straw—PP composite changes were in the
direction of blue. The value of the composites’ Ab*
became positive after 4 weeks of colonization, which
suggests that, after 4 weeks of colonization, the wheat
straw—PP composite degradation was in the yellow
direction.

200 . .
4wk
160W
2 2wk
3 120 1 wk
= 1 0wk
£
‘e 80 —— o
c — colonl_zatl_on4wk o - o a
g .8 — colonization3wkl & § | g
k40 @ o2 — colonization 2 wk| B TOR T O ™
) 5N i - i) T w
N NN —— colonization 1 wk - - =]
0,‘ ) colonization 0 wk |
4000 3500 3000 2500 2000 1500 1000 500

-1
Wave number /cm

Figure 4.—Fourier transform infrared spectroscopy spectra from wheat straw—polypropylene composites with different colonization
times.
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Figure 6.—Lignin index of wheat straw—polypropylene compos-
ites with different colonization times.

Table 3.—Relative intensities of characteristic peaks for
carbohydrates and lignin for the wheat straw at different
colonization times.

Colonization

time (Wk)  11730/l1508 1T1376/11.508 11,165/11.508 Isos/l1 508 11.255/11.730
0 1.18 0.71 0.69 1.06 0.81
1 1.09 0.72 0.74 1.11 0.83
2 1.07 0.82 0.82 1.13 0.89
3 1.06 0.87 0.90 1.14 0.92
4 1.05 0.94 0.95 1.21 0.95

Table 4.—The color change before and after fungal degradation
of wheat straw—polypropylene composites under different

colonization times.

Colonization time (wk) AL* Aa* Ab* AE*
1 12.36 2.63 —-0.8 12.66
2 13.38 2.35 —2.34 13.78
3 16.24 1.79 —1.43 16.41
4 20.73 3.38 1.93 20.09

The degradation of the composites resulted in both
mass loss and color change. Therefore, the mass loss
most likely had some correlation with the color change.

Because direct weight loss was not
correlation map between the carbonyl
color change was plotted (shown in Fig.
Figure 7 show that the carbonyl index

measured, the
index and the
7). The data in
correlated well

with the change in color, and the corresponding
determination coefficient was up to 0.87. The lignin
index had relatively better correlation with the color
change, and the determination coefficient reached 0.90
(see Fig. 8). The correlation analyses suggest that the
color change had a close relationship with the degradation
of the wheat straw. Dawson-Andoh et al. (2004) also
proved that fungal colonization resulted in discoloration
of rigid polyvinyl chloride—wood-flour composites.
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Figure 7.—The correlation between the carbonyl index and the

change in color (AE*) for the wheat straw—polypropylene
composites.
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Figure 8—The correlation between the lignin index and the
change in color (AE*) of the wheat straw—polypropylene
composites.

Conclusions

Macromorphologic and micromorphologic observations
showed that degradation was not obvious during the first
week of fungal attack, and the wheat straw was nearly
encapsulated by the PP matrix. The original cracks became
small holes when the top surface of the wheat straw was
degraded after 2 weeks of colonization. Afterward, the inner
wheat straw was exposed to the fungal environment, and the
fungal degradation increased. Similar change trends were
observed in the FT-IR spectra and with the color-change
analysis. The ratios of several characteristic peaks in the FT-
IR spectra were calculated to investigate the relative
degradation rate of cellulose, hemicellulose, and lignin.
The results suggested that the mold fungi used in this study
preferentially degraded hemicellulose, followed by lignin,
then cellulose.
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The carbonyl and lignin indices were used to illustrate the
mass loss in the wheat straw during the process of
colonization. The carbonyl index had particularly good
correlation with color change, and similar results were
obtained with the lignin index. The correlation analysis
suggests that color change has a close relationship with the
degradation of wheat straw.
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