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Effects of Pretreatment on the Soil Aging Behavior of
Rice Husk Fibers/Polyvinyl Chloride Composites

Lei Wang,? Chunxia He,>* and Xingxing Yang °

The application of rice husk fibers (RHFs) to reinforce wood plastic
composites has received appreciable attention. However, good interfacial
adhesion is important for actual applications. Pretreatment methods can
reduce the hydroxyl groups in plant fibers in order for them to bond with
the plastic matrix. In this research, RHFs were pretreated by four methods:
hydrothermal treatment (HT), microwave treatment (MT), alkali treatment
(AT), and benzoylation treatment (BT). The effects of the four pretreatment
methods on aging behavior of RHFs/polyvinyl chloride (PVC) composites
was studied with simulated soil-accelerated aging conditions. Accelerated-
soil aging caused the physical and mechanical properties of the
composites to deteriorate. The ultimate performance of the composites
was improved by the pretreated RHFs. The effectiveness ranking of the
pretreatment methods was: benzoylation-treated RHFs reinforced PVC
(BRRP) > alkali-treated RHFs reinforced PVC (ARRP) > hydrothermal-
treated RHFs reinforced PVC (HRRP) > microwave-treated RHFs
reinforced PVC (MRRP) > untreated RHFs reinforced PVC (URRP).
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INTRODUCTION

Wood plastic composites (WPCs) are used in many applications, such as outdoor
equipment (Mei et al. 2017). The development of composites will be important in the future
(Koohestani et al. 2017). WPCs are prepared by extrusion molding, in which the composite
consists of fibers, polymers, and chemical agents that are mixed in different proportions.
Composites can exhibit high strength and low density. The recycled fibers can improve the
utilization rate and solve agricultural waste problems.

Reinforced wood plastic composites made with natural fibers are applied in many
fields; these composites have excellent hydrophobic properties and high fire resistance
properties, which allows them to be used in environmental facilities, automotive interiors,
household products, etc. (Pickering et al. 2016). The good interfacial adhesion has a
positive effect on the mechanical and physical properties of composites (Jumaidin et al.
2017; Nadlene et al. 2018). Rice husk fibers are widely used because they can absorb
organic compounds (Hubadillah et al. 2017; Battegazzore et al. 2018; Pakravan et al.
2018). Lignocellulosic fibers consist of cellulose, hemicelluloses, and lignin; the existence
of hydroxyl groups (HO-) on the carbohydrates of the fibers can interfere with its interfacial
bonding with hydrophobic polymer matrices (Jehdaramarn et al. 2018).

Pretreatment methods can improve the interfacial bonding quality. Physical
treatment methods include hydrothermal treatment (Wang et al. 2017), microwave
processing (Kostas et al. 2017; Lu et al. 2017; Jhodkar et al. 2018), steam explosion
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method (Martino et al. 2017), etc. Chemical treatment methods include acid treatment
(Zhou et al. 2017), alkaline treatment (Chandrasekar et al. 2017), acetylation treatment
(Joffre et al. 2017), benzoylation treatment (Santulli et al. 2009), etc. Recently, many
investigators have studied different pretreatment methods; the reports indicate that treated
fibers can improve the physical and mechanical properties of fiber-plastic composites
(Cheison and Kulozik 2017). The rough surfaces of the fibers can easily combine with
matrix (plastic), whereby the mechanical and thermal properties of the resulting composites
are improved.

In this work, the effect of four treatment methods on fibers reinforced composites
was studied, and the physical and mechanical properties of composites were analyzed. The
optimum conditions for the four pretreatment methods were determined from earlier
experimental work (Manikandan et al. 2017; Palola et al. 2017; Fei et al. 2018; Mayandi
et al. 2018). The best pretreatment method was determined by comparing the four
pretreatment methods. The microstructure of rice husk fibers was observed by scanning
electron microscopy (SEM), the chemical functional groups were characterized by Fourier
transform infrared (FTIR) spectroscopy, and the crystallinity of the cellulose in the fibers
were examined by X-ray diffraction (XRD). The goal is to find a pretreatment method that
can effectively extend the actual applications of composites made with RHFs.

EXPERIMENTAL

Materials

Rice husk fibers (RHFs) were obtained from Shijiazhuang Feiteng Agricultural
Products Co., Ltd., China. Polyvinyl chloride (PVC), SG-5 PVC, was purchased from
Shanghai Tianbin Trading Co., Ltd., China. The following chemical components were
purchased from Jining Haoyi Chemical Co., Ltd., China: 603 non-toxic Ca/Zn composite
stabilizer and H-108 PE wax. All chemical reagents were purchased from Shanghai Shiyi
Chemical Reagent Co., Ltd., China.

Pretreatment Methods

Hydrothermal treatment (HT)

The HT procedure consisted of two steps. First, the RHFs were heated at 90 °C for
2 h in deionized water. Afterwards, the filtered fibers were dried at 105 °C for 24 h in a
DHG-9140A electro-thermostatic drum-wind drying oven (Nanjing Dongmai Scientific
Instrument Co., Ltd., China) (Fei et al. 2018).

Microwave treatment (MT)

The MT procedures consisted of three steps. First, the RHFs were immersed into
deionized water for 12 h. Next the mixture was placed into a SX-25-10 Box Resistance
Furnace (Shanghai Boluo Experimental Equipment Co., Ltd., China) at medium heat
setting (70%, 400-500W) for 2 min; this was repeated five times. Finally, the treated fibers
were dried at 100 °C for 6 h (Palola et al. 2017).

Alkali treatment (AT)
RHFs were immersed in 4% sodium hydroxide solution in water. The mixture was
mixed at 300 rpm for 8 h in a water bath set at 40 °C. Then the treated fibers were washed
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with deionized water until filtrate pH was almost 7; afterwards, the filtered fibers were
dried at 100 °C for 6 h (Manikandan et al. 2017).

Benzoylation treatment (BT)

The fibers were soaked for 30 min in 18% sodium hydroxide solution. Then the
slurry was drained; the fibers were washed with deionized water and then filtered. The
fibers were placed into 10% sodium hydroxide solution and stirred. Benzoyl chloride (50
ml) was added and the slurry stirred for 15 min. The reacted fibers were filtered, washed
and dried. The treated fibers were immersed in ethanol for 1 h to remove excess benzoyl
chloride. The ethanol-rinsed fibers were filtered and then dried at 100 °C for 6 h (Mayandi
et al. 2018).

Sample preparation

The rice husk fiber powder (100 mesh) was dried in a DHG-9140A electro-
thermostatic drum-wind drying oven (Nanjing Dongmai Scientific Instrument Co. Ltd.,
Jiangsu, China), the temperature and time set at 90°C and 12h. The mixture (treated fibers,
PVC, stabilizer, PE wax and maleic anhydride grafted polyvinyl chloride) added at the
proportion of 100:100: 8:5:3, then placed into a SBH-5L 3D linkage mixer (Nanjing
Xinbao Mechanical and Electrical Industry Co., Ltd., China). The composites were
prepared by a RM200C conical twin-screw extruder (Harbin Hapro Electric Technology
Co., Ltd., China). The temperature and speed of the extruder were controlled at 150 to 165
°C and 20 rpm, respectively. The size of test samples was controlled to 100 mm x 10 mm
x7 mm.

Accelerated Soil Aging Experiments

Based on previous work (Wang et al. 2019), the aging experiment of composites
was performed at soil temperature 65 °C + soil pH 2.5 + soil moisture content 45% + soil
porosity 3:7 (the mass ratio of thick and thin). Accelerated soil aging experiments were
conducted in three stages. First, diatomite of interactive particle sizes (380 to 830 um and
75 um) was mixed using a SBH-5L 3D linkage mixer (Nanjing Xinbao Mechanical and
Electrical Industry Co. Ltd., China); the mixture was placed into a LHS-80HC-1 humidity
alternating tester (Shanghai Yiheng Scientific Instrument Co., Ltd., China) at 90%
humidity for 7 d. Next, a 2.5 pH solution was prepared. The chemical reagents included
NaCl (0.23 g/L), NaxSO4 (0.07 g/L); MgSO4 (0.09 g/L); CaCl. (0.05 g/L); KNOs (0.
33g/L); and NaHCO3z (0.07 g/L). Finally, the diatomite was placed into the solution and
uniformly stirred (Lin and Yang 2007; Kositchaiyong et al. 2014). The test composite
samples were placed into the simulated soil at 10 cm depth with each sample separated by
2 cm. The experiment was heated by a HH-600 thermostatic water bath (Shanghai Baidian
Instrument Equipment Co., Ltd., China), and the temperature was controlled at 1 °C. Once
the aging period had past, the aged samples were dried constant mass was attained.

Characterization
Physical and mechanical properties of composites

Flexural and impact tests were conducted on composite samples using a CMT6104
electronic universal testing machine (MTS Industrial Systems Co., Ltd., China) in
accordance to the following Standard: 1SO13061-10(2017).

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

AE = A2 + Ad® + AD* (1)

where AE, AL, Aa, and Ab represent 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. Measurements were made at room temperature (25 £ 1 °C).

Fourier transform infrared (FTIR) and X-ray diffraction (XRD) spectra analysis

Fourier transform infrared (FTIR) spectra were measured using a Nicolet iS10
spectrometer (Thermo Fisher Scientific Co., Ltd., China). The wavenumber range recorded
was from 400 to 4000 cm™ with a resolution of 4 cm™; each recording was made up of 16
scans in the absorbance mode. The amount of each composite sample scanned was 0.002
g.

The crystallinity of the RHFs was measured using an X’Pert PRO X-ray
diffractometer (PANalytical B.V., Netherlands) that used Cu-Ka radiation (4 = 0.15406
A), and operated at 40 kV and 40 mA. Samples were scanned at a rate of 0.33°/min with a
26 range of 0° to 90°). The crystallinity index (Crl) of the cellulose was calculated as
follows,

Crl =[1—(l,, / 1,,)]x100 (2)

where lgo2 is maximum intensity of the diffraction peak (26) of 22.5°, and lam is the minimal
intensity diffraction peak at 18°.

Microstructure analysis

Images of the composites after tensile testing were obtained using a S-4800
scanning electron microscope (SEM, Hitachi., Ltd., Japan). The interfacial bonding of
fibers with the matrix was observed using SEM images.

RESULTS AND DISCUSSION

Fourier Transform Infrared (FTIR) and X-ray Diffraction (XRD) Spectra

FTIR was used to further investigate the changes in the chemical functional groups
(Fig. 1), which represented the composite samples before and after the soil aging tests. The
stretching vibration peaks that appeared at 3420 to 3410 cm™ were attributed to hydroxyl
(-OH) groups in cellulose and hemicelluloses. Asymmetric stretching vibration peaks that
appeared in the range of 2930 to 2850 cm™ were ascribed to C-H groups in cellulose.
Stretching vibration peaks that appeared in the range of 1745 to 1710 cm™ were ascribed
to C-O groups in lignin and hemicelluloses. Typical stretching vibration peaks that
occurred in the range of 1250 to 1230 cm™ were attributed to lignin. The stretching
vibration peaks that appeared in the range 1100 to 990 cm™ were attributed to C-O groups
on the polysaccharides. FTIR spectra of the four treated composites had similar chemical
functional groups after soil aging for 21 d with no notable differences. These observations
indicated that the chemical structure of composites was not affected by the simulated soil
aging. These observations were similar to the results reported by Wang et al. (2018), who
provided a theoretical analysis of the chemical functional groups in PVC composites.
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Fig. 1. FTIR spectra of the composites

In general, the peak at 3410 cm™ was less intense after HT, MT, AT, and BT when
compared to untreated composites. Benzoylation treatment reduced the amount of
hydroxyl groups and improved the adhesion between the fibers and the polymer matrix. In
addition, alkali treatment reduced the polarity and hydrophilicity of the fibers. The four
fiber pretreatment methods each had a positive effect on fiber-matrix interfacial bonding.
It was obvious that the reduction in hydroxyl groups followed the order (from highest to
lowest): benzoylate-treated RHFs reinforced PVC (BRRP) > alkali-treated RHFs
reinforced PVC (ARRP) > hydrothermal-treated RHFs reinforced PVC (HRRP) >
microwave-treated RHFs reinforced PVC (MRRP) > untreated RHFs reinforced PVC
(URRP).
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Fig. 2. XRD spectra of untreated rice husk fiber (RHFs) compared to MT, HT, AT, and BT RHFs

As a lignocellulosic fiber, the RHFs consisted of cellulose, hemicelluloses, and
lignin. A change in cellulose crystallinity represents a change to the fiber structure. Figure
2 shows the XRD patterns of RHFs after HT, MT, AT, and BT. The diffraction peak at 20
= 22° corresponds to the [002] crystalline lattice plane of cellulose | (Hu and Guo 2015).

The crystallinity indexes of RHFs after MT, HT, AT and BT were 33.8%, 38.2%,
41.7%, and 43.2%, respectively, as compared to untreated RHFs at 30.6%. The crystallinity
indices for the four pretreatment methods were higher than the untreated RHFs; this
observation was attributed to the removal of non-cellulosic constituents during the RHF
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pretreatment. The maximum crystallinity index (43.2%) was observed with the
benzoylation treatment. The pretreatment methods can remove the hemicellulose and
lignin.

Mass Loss and Color Analyses of Composites

The cumulative mass loss and color analyses of the composites are shown in Fig.
3. The cumulative mass loss was higher as the soil aging period increased; the rate of the
mass loss slowed as the soil contact time increased. When the time reached 21 d, the total
mass losses of BRRP, ARRP, HRRP, and MRRP samples were 1.2%, 1.4%, 2.1% and
2.4%, respectively, versus 2.9% for the URRP (i.e., control). BRRP had the lowest total
mass loss. This was attributed to the reduction of the hydroxyl groups during the fiber
pretreatment. The hydrophilicity of the BR fibers was reduced when compared to the
untreated fibers. The RHFs were easily coated by the P\VC matrix, which improved the
interfacial bonding that led to less mass loss.
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Fig. 3. The mass loss rate and discoloration of composites

The discoloration of the composites during the accelerated soil aging experiments
is shown in Fig. 3b. Discoloration was affected by the four pretreatment methods. The AE”
values after 21 d for BRRP, ARRP, HRRP, MRRP, and URRP were 24.7, 25.6, 27.9, 28.6,
and 29.1, respectively. BRRP had the smallest discoloration value after 21 d of aging.
These trends are similar to the mass losses reported in Fig. 3a; the four pretreatment
methods can slow down the discoloration effectively. Benzyolation treatment was the most
effective method, the two-phase combination ability was improved by four pretreatment
methods, and fibers were well coated by plastic matrix. Good interfacial bonding lead to
well ultimate properties. The SEM images of the bonding of the matrix with the fibers are
shown in Fig. 4.

Tensile Fracture Surfaces Analysis of Composites

Interfacial bonding plays an important role in the performance of composites, such
as mechanical, physical and thermal properties. The effect of treated fibers reinforced
composites was shown at Fig. 4. When the aging time was 21 d, interfacial bonding was
weakened in comparison to the original composites. Micro-cracks were evident at the
interface of composites, which apparently allowed water molecules to attack the interface
of composites. The worse interfacial bonding lead to poor physical and mechanical
properties.
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Fig. 4 Tensile fracture surfaces of composites (Wang et al. 2019)

Compared to the URRP composite, the interfacial bonding of the composites made
with the fibers pretreated by the four different methods was improved, with the BRRP
composite exhibiting the best performance. It was concluded that the interfacial bonding
of BT fibers with the PVC matrix was the highest when compared to other reinforced
composites using other pretreated fibers. No noticeable gaps appeared at the fracture
surfaces of composites. The surface of benzoylation treated fibers was rougher than before
pretreatment, which led to stronger interfacial bonding between the PVC matrix and the
fibers. The adhesion of the fibers was improved by reducing the amount of hydroxyl
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Fig. 5. Mechanical properties of the composites
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Analysis of Physical and Mechanical Properties of Composites

The tensile, flexural, and impact strengths of the RHFs/PVVC composites, as well as
their hardness values, are summarized in Fig. 5. There was a slight decrease after 21 d of
soil aging. When the aging period approached 21 d, the BRRP sample had the highest
values of flexural (31.2 MPa) and impact strength (4.64 kJ/m?). The trend for these
properties for the RHFs/PVVC composites followed order (from highest to lowest): BRRP
> ARRP > HRRP > MRRP > URRP. This is because long soil aging leads to weak
interfacial bonding. Micro-cracks came into being at the interface of composites. Water
molecules can attack the internal structure of composites, such that the micro-cracks
gradually became larger than before. Re-bounded interfacial bonding cannot absorb more
energy than before; thus, the ultimate properties of composites have a decreasing trend with
the increasing of soil aging time (Dhakal et al. 2007). Four pretreatment methods made a
deep influence on the interfacial bonding. Treated fibers can tightly combine with the PVC
matrix, and good interfacial bonding improved the soil aging resistance ability. It is worth
noting that benzoylation treatment was the best pretreatment method in four treatment
methods, surface modification improved the compatibility of fibers and matrix effectively.
This phenomenon of interfacial bonding can explain the observed SEM images (Fig. 4).

CONCLUSIONS

1. When the PVC composite samples were subjected to 21 d of soil aging time, the
physical and mechanical properties of the composites were degraded.

2. The chemical pretreatment methods (benzoylation and alkali treatment) had a higher
positive effect on the composite’s physical and mechanical properties than the physical
pretreatment methods (hydrothermal and microwave treatment).

3. The degree of effectiveness of the four pretreatment methods are listed (from highest
to lowest): benzoylation-treated RHFs reinforced PVC (BRRP) > alkali-treated RHFs
reinforced PVC (ARRP) > hydrothermal-treated RHFs reinforced PVC (HRRP) >
microwave-treated RHFs reinforced PVC (MRRP) > untreated RHFs reinforced PVC
(URRP).

4. Benzoylation pretreatment improved the interfacial fiber-matrix, which mitigated
losses of physical and mechanical properties of the resulting composites when
subjected to accelerated soil aging
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