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Accelerated Weathering of Polyvinyl Chloride-based
Wood-plastic Composites: Effect of Plant Species

Ruige Qi,? Chunxia He,>* and Qiang Jin °

The effect of plant species on the accelerated weathering behaviors of
polyvinyl chloride-based wood-plastic composites (WPCs) was studied.
The selected plant species were eucalyptus, rice husk, and bamboo. The
color and chemical compositional changes that occurred due to
accelerated weathering were monitored using colorimetry and Fourier
transform infrared spectroscopy. The lignin and carbonyl contents of the
WPCs were altered with exposure. The color change and lightness of the
weathered WPCs increased with exposure time, and the degree of
increase depended on the plant species. The water absorption and
swelling ratio of the WPCs increased with an increase in exposure. The
eucalyptus-based composite was the highest ranked in terms of
mechanical properties, and the microstructure of the impact section
showed that the interfacial bonding performance deteriorated after
exposure. In conclusion, the selection of plant fibers is critical to the
service performance of WPCs.
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INTRODUCTION

Wood-plastic composites (WPCs) are a product class comprising a wood
component and a polymer matrix. Their excellent properties, in comparison with those of
solid wood, have led to a broad range of applications in many fields (Dou et al. 2015; Guan
and Li 2018). However, widespread use has been limited due to an insufficient
understanding of the weathering of WPCs (Chan et al. 2020). Although incorporation of
plant fibers into plastics improves the mechanical properties of the resulting composite
material relative to pure plastics, this has an adverse effect on the service life of the material
due to swelling and degradation (Gao et al. 2016).

Traditionally, WPC production has focused on the use of a few selected wood
species, and relatively little information is available on the effect of various plant species
(such as husk) on the properties. The influence of wood species on the mechanical,
interface, and dimensional stability properties of WPCs, as well as on their microstructure,
have previously been reported (Peng et al. 2014; Nguyen et al. 2020). In addition, the effect
of the wood species on the mechanical, thermal, and accelerated weathering behaviors of
high-density polyethylene-based WPCs has been investigated (Fabiyi and McDonald
2010). A limitation of the previous work is that it did not compare the effect of the different
plant species on water absorption, mechanical properties, and the interface bonding ability
of WPCs before and after weathering (Temiz et al. 2007). A WPC that is exposed to the
environment will be degraded by the presence of ultraviolet (UV) radiation, heat, oxygen,
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and water (Krzysztof et al. 2019). These environmental conditions in turn affect the internal
and surface structures, as well as the color of the WPC. Results can include a loss of the
aesthetic character of the material, and potential in-service failure.

Therefore, the objective of this study was to evaluate the effects of plant fibers from
different plant species on the aging performance of WPCs by simulating long-term aging.
The WPCs are characterized by their mechanical properties, surface color changes,
characteristic functional group changes, tensile fracture surface analysis, water absorption,
and swelling ratio. The results and discussions provide a theoretical basis for future
applications in the design of anti-aging WPCs.

EXPERIMENTAL

Materials

Polyvinyl chloride (PVC) SG-5 was purchased from Xinjiang Tianye Group Co.,
Ltd., Urumchi, China. Eucalyptus, rice husk, and bamboo materials were also obtained
from Xinjiang, Urumchi, China. Table 2 shows the comparison of the contents of cellulose,
hemicellulose, lignin, and ash of these fibers reported (Petchwattana et al. 2017). Other
materials used were H-108 PE wax and non-toxic 603 Ca/Zn composite stabilizers, both
purchased from Shanghai Wenhua Chemical Pigment Co., Ltd., Shanghai, China. Maleic
anhydride grafted polyvinyl chloride (MAH-PVC) was purchased from Dongguan Lok
Wah Plastic Chemical Co., Ltd. (Dongguan, China).

Table 1. Contents of the Three Main Chemical Components of Plant Fibers

ID Cellulose (%) Hemicellulose (%) Lignin (%) Ash (%)
Eucalyptus 42.72 17.69 23.99 4.22
Bamboo 48.78 18.21 15.6 3.53
Rice husk 43.59 15.30 20.48 6.61

Composites Preparation

Eucalyptus, rice husk, and bamboo materials were initially crushed and
subsequently ground to pass through a 100-mesh screen, and then dried at 90 °C for 12 h
in a DHG-9140A electro-thermostatic drum-wind drying oven (Nanjing Dongmai
Scientific Instrument Co., Ltd., Nanjing, China).

As shown in Table 1, the powders of eucalyptus, rice husk, and bamboo were
uniformly mixed with MAH-PVC and Ca/Zn stabilizer and then dried at 105 °C for 4 h,
again mixed with a certain proportion of PVC, and then extruded (RM200C Taber Twin
Screw Extruder; Harbin Hapu Electrical Technology Co., Ltd., Harbin, China). The
extruded fibers were cut it into 100 mm x 10 mm x 7 mm samples and then placed in a
xenon lamp accelerated aging test chamber.

Table 2. Sample Composition

Sample ID Mass Ratio e
EF RHF BF PVC MAH-PVC Stabilizer Wax
EWPC 50 0 0 50 15 4 2.5
RWPC 0 50 0 50 15 4 2.5
BWPC 0 0 50 50 15 4 2.5
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Characterization
Accelerated xenon lamp artificial aging

In order to evaluate the durability of the studied WPCs, an artificial weathering test
was conducted following the standard method reported in GB/T 16422.3 (2014). An Atlas
Ci3000+ xenon lamp (Shenzhen Kewen Environmental Test Instrument Co., Ltd.,
Shenzhen, China) was used. The severe conditions for climatic aging were simulated. A
4500 W water-cooled xenon lamp was used as light source, which provided radiation at
wavelengths of 290 to 800 nm. One cycle was conducted every 2 h, with 102 min of
illumination time and 18 min of rain time without illumination. The relative humidity of
the light period was set at 60 + 5%, and the rain period was at 50 + 5%. The radiant intensity
and total aging time of the sample were 550 W and 960 h, respectively. After exposure, the
samples were removed to investigate the mechanical properties, surface morphology, and
chemical composition.

Chemical compositional analysis of composites
A Nicolet iS10 Fourier-transform infrared (FTIR) spectrometer (ThermoFisher
Scientific Co., Ltd., Beijing, China) was used to observe the chemical structural changes
in the composites. The equipment was operated in the range of 400 cm™ to 4000 cm™ with
aresolution of 4 cm™, and each spectrum was gathered using 16 scans in absorbance mode.
The WPC degradation was studied by following carbonyl index and lignin index,
which were calculated using Egs. 1 and 2,

Carbonyl index = I/l 1)
Lignin index = I//Ir (2

where Ic and |1 are the intensities of the carbonyl and lignin absorption bands (1700 to 1800
cmt; 1593 to 1597 cm?, respectively), and Ir is the intensity of the reference band (2900
to 2950 cm™). The reference band was not affected by UV irradiation.

Water absorption and swelling radio

The water absorption (WA) test was performed in accordance with the GB/T 17657
(2013) standard. Before the test, the samples were oven-dried at 90 °C for 12 h.
Subsequently, the samples for the WA test were immersed in deionized water at 23 + 1 °C

for 24 h in a thermostatic water tank. The WA values were calculated based on the weight
percent gains after removing excess water on the exterior surface.

The prepared sample was marked along the center line of length and width, and the
dimensional change of the spline thickness direction before and after immersion was
measured with a digital display verdier caliper (accurate to 0.01 mm) on the streamed part.
The swelling ratio of the sample was calculated according to Eq. 3,

L—Ly

SR= —=—%x100% 3)
Ly

where L1 is the size of the spline before immersion, and L2 is the size of the spline after
immersion.
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Color change

The color of the samples was characterized using an HP-200 precise color meter
(Shanghai Chinaspec Optoelectronics Technology Co., Ltd., Shanghai, China), which
reported color coordinates in the CIE 1976 color space (L*a*b*),

1
AE = (AL? +Aa” + Ab )2 (4)

where AE, AL, Aa, and Ab represented the difference in color (E), color lightness (L*), red
to green (a*), and yellow to blue (b*). Five characterization measurements per sample were
made and the average value was reported. Relative lightness (AL) was used to understand
the degree of lightness of weathered WPC relative to the original WPC color. The total
color change (AE) characterizes the anti-aging properties of the WPC.

Mechanical properties

The mechanical properties of composites were measured using a CMT6104
electronic universal testing machine (MTS Industrial Systems Co., Ltd., Shenzhen, China).
The tensile and flexural strengths of composites were measured according to GB/T 1040.1
(2006) and GB/T9341 (2008) standards, respectively. The sample size was 1000 mm X10
mm X 70 mm. The test loading speed used was 2.0 mm/min, and all measurements were
carried out at room temperature. Meanwhile, each group of tests was performed five times
and the average value was taken to reduce the error.

Microscopic structure of composites

Analysis of the internal structure of the composites was performed using a S-4800
scanning electron microcope (SEM, Hitachi, Tokyo, Japan). Prior to the SEM analysis, the
surfaces of the composites were sprayed with gold using an E-1010 ion sputter coater
(Hitachi, Tokyo, Japan).

Statistical Analysis

Mean differences among the variables (plant species or plant species and exposure
time) of the WPC on the chemical composition, color change, and mechanical properties
of the un-weathered and weathered WPC were conducted using analysis of variance
(SPSS_20.0, IBM Corp., Armonk, NY, USA). Additionally, a follow-up test was
performed for the significant parameters using a Scheffe test, and the p-values were
reported.

RESULTS AND DISCUSSION

Surface Chemistry

The nature of the chemical groups can be directly analyzed by FTIR. Figure 1 (a)
and (b) shows the chemical changes that occurred before and after aging the composites
obtained from different plant species. The band ranging from 3300 to 3500 cm™ was
assigned to the stretching vibration of hydroxyl group in the molecule (Paul et al. 2009);
its value was found to increase with aging. This result showed that the hydroxyl content
was increased, i.e., water absorption of the three WPCs was increased. The band ranging
from 1700 to 1735 cm™ was assigned to the stretching vibration of -C=0 group in
carboxylic ester compounds (related to lignin) and ketone compounds (Cavdar et al. 2018).
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This bands decreased due to aging, which revealed that the lignin broke down. The peak at
1650 cm™ was assigned to -C=C- stretching vibration of the PVC vinyl group and
stretching of the benzene ring in lignin (Wang et al. 2019). The peak at 1024 cm™ was
assigned to the -C-O vibration because of the bridging crosslinking of free radicals and
oxygen (Cavdar et al. 2018). The band ranging from 760 to 550 cm™ was assigned to -C—
Cl stretching. Those bands decreased after aging, which indicated that both PVC and lignin
degraded on the weathered WPC surface (Andrady et al. 2019), and the degraded
composites are vulnerable to further degradation because the photo-labile carbonyl groups.
The C=C double bond groups also increased after weathered, which may be due to PVC
degradation and plant fibers removal from the weathered surface. However, weathered
composites did not show any significant difference (p < 0.00), except for eucalyptus, which
had the highest content of carbonyl groups.
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Fig. 1. FTIR spectra of the composites Rice husk wood-plastic composites (RWPC), eucalyptus
wood-plastic composites (EWPC), and bamboo wood-plastic composites (BWPC)
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Fig. 2. Carbonyl and lignin indices of the composites

In order to further explore the degradation of the material surface, the values of
carbonyl index (CID) and lignin index (LID) of all the samples were calculated. As shown
in Fig. 2, the CID of the three composites increased significantly, whereas LID decreased.
The CID of BWPC, EWPC, and RWPC increased 12.54%, 13.29%, and 13.81%,
respectively, and the LID decreased 8.21%, 7.61%, and 10.96%, respectively. After
weathering, an increase in the content of carbonyl group reflects the degree of degradation
of the WPC due to three reasons. First, the dehydrochlorination of PVC subsequently
formed a carbonyl group. Second, the lignin contained an aromatic structure and
chromophoric group that absorbs ultraviolet light and undergoes photodegradation to form
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a product containing a carboxyl and carbonyl groups. Finally, a cellulose macromolecule
reacts with the oxygen to form cellulose peroxide and hydroperoxide, which decompose to
form a ketone and thus enhances the carbonyl peak intensity (Nguyen et al. 2020). The
LID was decreased because the photo-degradation reaction of lignin generated aromatic
free radicals; the free radicals continue to be oxidized to form new chromophores and yields
quinone type compounds (Cherian et al. 2013). Among the WPCs studied, the CID of the
EWPC increased the least, whereas the LID decreased the least, indicating that EWPC was
least affected by weathering.

Color Change

Table 3 lists the color change of the WPC surface. The data in Table 3 suggests that
as the aging time was increased, the WPC faded significantly, and AE and AL gradually
increased. It can be seen that EWPC had the least AE and AL values. Total color change of
WPC was ranked as follows: EWPC < BWPC < RWPC. In addition, the surface lightness
was ranked essentially the same as that of the total color change pattern.

Table 3. Color Change of Composites

ID Aging Time (h) Aa* Ab* AL* AE
320 -2.82 -4.00 4.81 6.86

EWPC 640 -3.33 -4.29 22.39 23.04
960 512 -6.51 25.07 26.40

320 -3.51 -4.41 5.14 7.62

BWPC 640 -5.14 -6.51 24.34 25.71
960 -5.51 -6.75 28.22 29.53

320 -3.51 -4.58 5.49 7.96

RWPC 640 -5.35 -6.72 25.33 26.75
960 -5.85 -7.02 29.20 30.60

Previous studies (Oltean et al. 2008) have shown that the main chemical
components that suffer photodegradation in plant fibers during aging are lignin and
extractives, whereas the final product is quinone-type compounds, which are responsible
for the color change of WPC. The degradation is accompanied by a decrease in the aromatic
structural units and an increase in the conjugated carbonyl groups, which is consistent with
the above FTIR analysis. The absorption of light waves by the quinone compounds and
aromatic compounds in the original lignin produces discoloration of the material from a
macro perspective.

During the WPC aging, Aa* and Ab* were negative values, indicating that the WPC
turns blue and green. The gradual color change to blue with time might be due to the
degradation of lignin into a new carbonyl type compounds, whereas the gradual color
change to green was because of changes in the lignin structure (Li et al. 2009).
Furthermore, during the aging process, the water present in fibers soaks and flushes the
solubles (some of which affect the fiber color), causing the material to discolor.
Simultaneously, the erosion of water results in the shedding of oxidized substances on its
surface, internal materials continue to be affected by the radiation of light, and fading of
the composite material is further aggravated. Table 3 suggests that the color of the
composite surface changes rapidly during the early aging stage, which then changes slowly
with the extension of aging time. This is because polyphenol extraction affects the
photodegradation degree of the material, leading to a rapid decomposition of lignin on the
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surface of the exposed material at an early stage (Song et al. 2018). Various plant fibers
revealed significant difference in the color change of WPC after aging (p < 0.05).

Mechanical Properties of Composites

The mechanical properties of the composites are shown in Fig. 3. After weathering
for 960 h, the mechanical properties of WPC were decreased. The flexural and tensile
strength retention rates of EWPC, BWPC, and RWPC were 24.6%, 11.6%, and 13.7%,
respectively, and 24.4%, 21.6%, and 42.0%, respectively. The mechanical properties of
WHPC produced significant changes upon weathering. These variations were mainly due to
the chemical changes in the surface and internal oxidation, e.g., the surface oxidation
process of the composite and photodegradation of plant fiber and PVC occur. These two
factors would act synergistically through surface erosion and increased wettability, thus
leading to the loss of mechanical properties and reduction of their service life (Chen et al.
2020).
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Fig. 3. Mechanical properties of composites

There were differences in the mechanical properties of the three plant species-based
WPCs, of which EWPC exhibited the best comprehensive mechanical properties. This may
be because of the chemical composition of plant fibers that affects the basic properties of
WHPC. Eucalyptus has the highest lignin content of the three plant fibers studied; therefore,
EWPC exhibited the strongest interfacial adhesion (lignin hydrophilic ability is the weakest
among lignin, cellulose, and hemicellulose components) and antioxidant capacity (the
structure of hindered phenols in lignin can inhibit the photodegradation of plastic matrix),
resulting in the best mechanical retention after aging (Chen et al. 2020)

Tensile Sectional Microstructure of Composites

Figure 4 shows the SEM images of tensile section of WPCs before and after aging
for 960 h. Figure 4 suggests that the WPC was tightly bound to the PVC matrix before
aging. The PVC wraps the fiber well and makes the cross-sectional surface rough, and the
PVC matrix occasionally sticks to the fiber. The mechanical properties were better, among
which EWPC was the best. After aging, the combination of plant fiber and PVC was loose
(Fig. 4) and the fiber was pulled out occasionally; there were little gaps and large holes
between the fiber and PVC matrix. This shows that the bonding performance of fiber and
PVC had deteriorated. It can be seen that the aging affected the combination of the two-
phase interface of WPC, which is consistent with the deterioration of the mechanical
properties mentioned above.
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The reason for this phenomenon is that the thermal expansion caused by the water
absorption of the composite material will further make the gap between the plant fiber and
the PVC matrix become larger. Thus, the interface bonding ability decreases and the
mechanical properties starts to decline. The increase in water absorption is consistent.

Original WPC
BWPC

EWPC

Fig. 4. SEM images of tensile section of composites (Qi et al. 2019)

24-h Water Absorption of Composites

Table 4. 24-h Water Absorption and Thickness Swelling Ratio of Composites

D Water absorption (%), aging time (h) Swelling ratio (%), aging time (h)
0 320 640 960 0 320 640 960
EWPC 1.85 1.99 3.04 5.36 3.14 3.21 3.48 3.72
BWPC 5.23 5.34 5.76 6.68 3.32 3.36 3.53 3.93
RWPC 2.09 2.64 3.65 6.18 3.16 3.29 3.45 3.79

Table 4 shows the 24-h Water absorption (WA) data and swelling radio (SR) of
WPC, which increased upon weathering. Amongst the WA of the WPCs, un-weathered
EWPC was minimal, whereas that of BWPC was the largest. Water absorption depends on
the -OH of the fiber, amorphous areas, micro vides in the material and the state of adhesion
at the fiber-matrix interface (Law and Mohd 2011). And precisely for BWPC, bamboo
contains more hemicelluloses and therefore more amorphous areas. Compared with other
composite materials, BWPC exhibited the highest water absorption and lowest interfacial
adhesion, which can be clearly seen from the mechanical test results. After weathering, the
WA and SR were increased, but those of EWPC showed the smallest changes. Combining
tensile fracture surface analysis and mechanical properties, it can be seen that EWPC had
better interface bonding. Attributed to the presence of more lignin in eucalyptus fiber, it
can be used as an antioxidant to slow down the aging of the composites (Tamrakar et al.
2011). Another effect of the lignin was to reduce the cracks on the surface and the
irreversible damage caused by repeated water absorption of the weathered composites,
thereby reducing the water absorption and swelling radio of them (Erdogan and Huner
2018)
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CONCLUSIONS

In this study, the influence of plant species on the chemical modification and
physical properties (water absorption, color change, mechanical properties, and tensile
sectional microstructure) of wood-polymer composite (WPC) were examined for a
polyvinyl chloride (PVC) matrix filled with the fibers of either eucalyptus wood, rice husk,
or bamboo.

1. The water absorption, swelling ratio, color change, and surface chemical oxidation of
all the composites increased upon longer exposure to weathering agents. There were
significant differences in the carbonyl index, lignin index, color change, and water
absorption values of weathered composites among various plant species. Meanwhile,
the bonding performance of plant fiber and PVC deteriorated. The prominent changes
in chemistry, with respect to carbonyl groups hydroxyl groups, were observed in all the
three plant species-based WPCs.

2. Eucalyptus can be preferred for applications in which color stability and mechanical
properties are important. After weathering for 960 h, compared with the original WPC,
the tensile strength and flexural strength of EWPC decreased 24.4% and 24.6%,
respectively, lignin index decreased 8.2%, carbonyl index increased 12.5%, and the
interface between plant fiber and PVC deteriorated. Generally, plant species play a
major role in the composite’s performance of the respective WPC, suggesting that
careful selection of plants can improve the anti-aging properties.
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