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Abstract

Utilization of biochar in plastic based blends offers a sustainable way to renewable materials as well as value-added use of wood
waste. To investigate the interfacial compatibility and weatherability properties of biochar composites, four types of Wood-Plastic
Composites (WPC) were prepared by an extrusion process. The mechanical properties, water absorptions, thermal and viscoelastic
properties, and rheological behavior of the composites were also evaluated. The decolorizing carbon (NA) composite melts showed the
higher modulus and viscosity, indicating better melt strength. The NA composites performed the best in tensile properties (strength of
28.6 MPa and modulus of 3.4 GPa) and had strong interfacial interaction between particles and the matrix. The degree of HDPE crystal-
linity in the biochar and carbon composites decreased relative to Douglas-fir (DF) composites, while the thermal properties of the com-
posites improved compared with DF composites. For the water resistance, the DF composites displayed the highest water absorption (3.7%)
and thickness swell (2.9%). During accelerated weathering tests, longer exposure time increased the color change and lightness, especially
for DF composite. NA and biochar composites resulted in improved photostability. This study opens up a pathway to utilize effectively the
renewable biochar as reinforcing filler in WPC in outdoor applications.

Keywords: biochar, interfacial compatibility, accelerated weathering, wood-plastic composites

Copyright © 2019, Jilin University.

1 Introduction

With the increasing worldwide demand for the
limited forest resources in all kinds of applications, there
is a severe shortage in wood supply'’. Wood-Plastic
Composites (WPC) are good alternatives to wood. WPC
are commodity product used globally comprised of
woody fibers from mill residues and recycled plastics'®.
Due to the low prices, easy availability, and adequate
strength, WPC have been widely applied in decking
products, furniture, fencing, playground equipment, and
automotive components[H]. However, WPC have had
major issues with material failing due to interfacial
compatibility and weathering, and mainly contributed by
the hydrophilic wood fiber®. The hydrophilic nature of
wood fiber is attributed to the hydroxyl groups in cel-
lulose, hemicellulose and lignin, which can induce water
absorption, fiber swelling and weathering degrada-
tion!"",

In order to improve these properties mentioned
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above, researchers are concentrated on physical or
chemical modification of wood, such as incorporation of

nanoparticles™, acetylation”",

and silane treat-
ment!'!). However, there are disadvantages among these
methods, such as environmental pollution, high cost,
complicated processing techniques, and easy aggrega-
tion of nanoparticles in polymer matrix. On the other
hand, because of the growing interest in renewability
and cleaner production, bio-based natural reinforce-
ments have increasingly attracted many researchers’

attention recently!'>.

Biochar is a carbon-rich
co-product produced from pyrolysis of carbonaceous
biomass at high temperature (400 °C — 700 °C) in an

oxygen-depleted environment''>'¥

. A slow pyrolysis
process can produce slightly more biochar with a con-
comitant smaller amount of bio-0il"'”. On the other hand,
fast pyrolysis has a high heating rate (> 300 °C-s ),
resulting in higher yields of bio-oil and lesser amount of
biochar!'®. Pyrolysis is a low cost option to reduce

wood’s (or lignocellulosic) hydrophilicity, therefore,
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more water resistant and compatible with the hydro-
phobic matrix!",

Biochar has many distinctive characteristics, e.g.,
high adsorption capacity, high ion exchange, high sur-
face area, high surface charge, high carbon sequestration,
high nutrient exchange and large microporosity, thus, it
is mainly used in the field of environmental remediation
and soil amelioration"®*'". Additionally, biochar is a
value added waste, thermally stable and hydrophobic;
therefore, pyrolysis biochar are potentially suitable hy-
drophobic reinforcing fibers. Zhang et al.*® prepared
biochar/wood/plastic composites with different biochar
content and suggested that the appropriate amount of
biochar can promote the mechanical properties. Das et
al ' used pine wood biochar and polypropylene (PP) to
make biocomposites and found that incorporation of
biochar improved the mechanical and thermal properties.
DeVallance er al.*"! combined biochar with PP and
wood flour to prepare composite products, where they
reported biochar could increase the mechanical proper-
ties and water resistance. Ho er al.””! used bamboo
charcoal as reinforcement for polylactic acid (PLA) and
the mechanical, thermal and optical properties were
enhanced. Ahmetli e al.*® studied three different types
of biochar as fillers with polyethylene terephthalate
(PET) and concluded that the thermal and mechanical
properties of neat epoxy resin were improved.

According to the previous studies, biochar, which is
a good candidate as reinforcing fillers with polymer ma-
trix, could improve the thermal, mechanical and optical
properties for polymer matrix. However, very little atten-
tion has been paid to the composites’ photostability and
interfacial compatibility. In this study, we used biochar as
reinforcing filler in HDPE to prepare the composites by
an extrusion process. The DF and NA composites were
also prepared as comparison. Thus, the aim of this study is
to investigate the effects of biochar in comparison to
wood particles and carbon on their photostability and
interfacial property of wood-plastic composite. Moreover,
the water absorption, thermal, theological and mechanical
properties were also investigated.

2 Materials and methods

2.1 Materials

High-density polyethylene (HDPE, Equistar

petrothene, LB 0100-00) with a density of 0.950 g-cm >
and a melt flow index of 0.3 g per 10 min and maleated
polyethylene (MAPE) (Polybond 3029) were used as
received. Douglas-Fir (DF) planar shavings were ob-
tained from SDS Lumber Co., Bingen, WA and used
as-is for the pyrolysis demonstration studies. Western
Renewable Technologies (WRT) pyrolyzed DF using an
auger reactor (6.8 kg-h™', 5 min residence time) at
575 °C to obtain WRT biochar at 22% yield. Amaron
Energy (AM) pyrolyzed DF in a rotary kiln reactor
(12.2 kgh™", 10 min residence time) at 450 °C to obtain
AM biochar at 25% yield. DF, WRT biochar and AM
biochar were Wiley milled to pass through a 0.5 mm
screen. Norit-A decolorizing carbon (NA) was pur-
chased from Eastman Kodak Co., USA.

2.2 Composite preparation

DF, WRT biochar, AM biochar and NA were oven
dried for 24 h at 104 °C prior to composites production.
Fiber (50% w/w), HDPE (48% w/w) and MAPE (2%
w/w) were blended in 500 g batches and then com-
pounded/extruded using a 18 mm co-rotating twin-screw
extruder (Leistritz, LD ratio 40, 200 rpm) into a ribbon
(3.5 x 50 mm?). The barrel and die temperatures were set
between 140 °C and 160 °C. The ribbons were then hot
pressed (300 x 300 mm?, PHI press) slowly at 140 °C to
2 mm (weathering test) or 3 mm (mechanical and water
soak tests) to obtain a flat material for specimen prepa-
ration.

2.3 Characterization
2.3.1 Particle characterization

Optical microscopy was performed on screened
particles on an Olympus BX51 microscope equipment
with a DP70 digital camera at 40 x magnification for DF
and 100 x magnification for WRT/AM biochar and NA
carbon. Particles measurements (length and width) were
performed on 500 particles for each sample using the
Olympus MicroSuite software!’”). The specific surface
area (Sper) of the samples were determined by N, phy-
sisorption (Micromeritics Flowmaster-II 3020). Before
analysis, the samples were degassed at 104 °C for 24 h.
The Sger of the samples were calculated using the
Brunauer-Emmett-Teller (BET) method.

The particles (~4 g) were Soxhlet extracted using
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dichloromethane (CH,Cl,, 150 mL) for 24 h based on
ASTM D1108. The extract was then concentrated using
a rotary evaporator to constant weight and yield re-
corded gravimetrically.

2.3.2 Thermomechanical analysis (TMA) analysis
TMA of the
(2 x 1.5 x 1 mm®) was carried out using a PerkinElmer

biochar composite samples
TMA 7 instrument with a penetration probe at an applied
static force of 10 mN from 30 °C to 200 “C at 5 °C-min .

The T, was determined from the onset point of soften-
ing.

2.3.3 Dynamic Mechanical Analysis (DMA) analysis

DMA was performed on rectangular samples (60 x
9 x 3 mm”®) using a DMA Q800 (TA instruments) unit in
the three-point bending mode from 30 °C to 120 °C at
2°C-min ', 0.05% strain, and at 1 Hz frequency. Storage
modulus (£') and damping factor (tand) data were re-
corded. The interfacial adhesion of the composites was
evaluated by the adhesion factor (4):

1 tang,

- 1-V; tano,,

1, (D

where ¢ and m denote the composite and HDPE, re-
spectively, and V is the fiber volume fraction which is
calculated using:

__ W @)
WP + WO

f

where Wris the weight of fiber (50%), Wy, is the weight
of HDPE (50%), pm and p¢ is the density of HDPE
(0.950 g-em ) and fiber (DF fiber: 1.5 g-cm°**], WRT
biochar: 1.5 g-cm >, AM biochar: 1.5 grem >, and NA

[2

carbon: 1.8 g-cm™*"), respectively.

2.3.4 Thermogravimetric analysis (TGA) analysis

The thermal stability of the DF fiber, biochar, NA
carbon, and composites (5 mg) was determined by TGA
using a PerkinElmer TGA 7 instrument. The samples
were heated from 30 "C to 700 °C at a heating rate of
20 °C ‘min_' under nitrogen (30 mL-min ).

2.3.5 Differential Scanning Calorimetry (DSC) analysis
DSC was performed on samples (3 mg — 4 mg)

using a TA Instrument model Q200 DSC under nitrogen
(20 mL-min""). The samples were first equilibrated at
20 °C (3 min), and then ramped to 180 °C at 10 °C-min '
(cycle 1); cooled to 20 ‘Cat—10 C'min" (cycle 2); then
reheated to 180 C at a rate of 10 C-min ' (cycle 3). The
degree of crystallization (X;) was calculated by:

X =

Cc

_AH, x100%, 3)
AH , xW;
where AH,, represents the melting enthalpy which was
calculated from the area under the peak observed at
cycle 3, AH, is the theoretical fusion enthalpy of a 100%
crystalline HDPE (293 J-g '), and W; is the weight frac-
tion on HDPE in the composites (50%).

2.3.6 Dynamic rheological analysis

Parallel plate (25 mm @, serrated) dynamic
rheological measurements (elastic modulus (G'), viscous
modulus (G") and complex viscosity (#*)) on composite
samples (2.5 mm x 25 mm @) were evaluated with the
Bohlin CVO 100 N rheometer equipped an extended
temperature unit using an angular frequency from
0.01 Hz to 100 Hz with 0.5% strain and at 180 C. Melt
Flow Rate (MFR) of the composite samples (4.0 g, 4
replicates) was conducted through a die (8 mm x
2.0955 mm ©) at a temperature of 190 °C and load of
15 kg. The MFR of the samples were measured ac-
cording to ASTM D 1238-0lel (2008) using CEAST
Modular Melt Flow Indexer (Model 7024.000).

2.3.7 Contact Angle (CA) and water absorption analysis

CA measurements on composite samples (100 x 15
x 2 mm3) were carried out with a Thwing-Albert PG-2
Pocket Goniometer using the sessile water drop method.
Data were processed with the Pocket Goniometer v3.3
software. Water Absorption (WA) and Thickness Swell
(TS) measurements on  composite  samples
(50 x 30 x 3.0 mm’, 4 replicates) were conducted at
23 °C for 70 d. The weight and dimensions of the sam-
ples were measured before and after soaking. The dif-
fusion coefficients (Ds) of the composite samples were

calculated using:
Dy=n(h/4M. ) (AM/ALY, 4)

where M,, is the maximum Moisture Content (MC)
measured at the end of the test, % is the sample thickness
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corresponding to M., ¢ is the time, and AMIAL" is the
initial slope from the MC versus ' relation.

2.3.8 Tensile property analysis

Tensile tests were performed on machined
dog-bone specimens (8 replicates) according to ASTM
D 638, using an Instron 5500R-1132 universal test ma-
chine with load cell of 5 kN and crosshead speed of

1

5 mm-min . The strain was measured with an exten-

someter (model 3542, Epsilon Technology Corp).

2.3.9 Accelerated weathering analysis

Accelerated weathering was conducted in a xe-
non-arc weatherometer (Q-Sun Xe-1-S). Composite
specimens (2 x 40 x 60 mm") were lightly sanded and
then subjected to an accelerated weathering procedure in
accordance with ASTM D 6662 standard and Fabiyi and
McDonald™. The average irradiance was 0.70 W-m
at 340 nm with a chamber temperature of 70 °C and
water spray. The color change and chemical characteri-
zation of the samples were collected between 0 h and
1200 h. Color parameters of weathered samples (4 rep-
licates) were recorded using a Precise Color Reader
(WR-10QC) with illuminant D65 and a 10° standard
observer. The total color difference (AE") was calculated

as:
AL =L - L, (5)
Ad" =a — a;, (6)
Ab" =b —b,, (7
AE" =(AL? + Aa™ + Ab™)"? (8)

where AE” represents the total color difference, L’ stands
for the lightness and darkness of color, ¢” indicates the
redness and greenness of color, 5~ denotes the yellow-
ness and blueness of color, AL*, Aa*, and Ab" are the
differences of the composite sample values before and
after treatment of L*, a*, and b*, respectively.

2.3.10 Fourier transform infrared spectroscopy (FTIR)
analysis
Surface chemistry of the weathered composites (4
replicates) was determined by FTIR spectroscopy using
a Nicolet-iS5 spectrometer (ThermoScientific) equipped
with a Ge crystal Attenuated Total Reflection (ATR)

accessory (iD5). The spectra were baseline corrected and
averaged using the Omnic v9.0 software (ThermoSci-
entific). The concentrations of carbonyl (C=0) and vinyl
(C=C) groups of the weathered samples can be calcu-
lated based on:

A"=¢bc, 9)

where A" is the absorbance of the functional groups band,
¢ is the molar concentration of the functional group
mol-L™" (M), ¢ is the molar absorptivity (L-mol '-cm™),
and b is the path length of the sample (the optical path of
the infrared beam through the sample, cm). To account
for the carbonyl groups (1800 cm ' — 1680 cm ') pre-
sented in the weathered composite samples, carbonyl
index (CI) was calculated. CI was taken as the ratio of
the area of carbonyl groups to the band area of —CH,—
groups (2917 cm ™' — 2912 ecm™"). The latter band was
selected as a reference due to the stability during

weathering”'.

3 Results and discussion

3.1 Fiber properties

The particle dimensions for the DF, WRT and AM
biochar and NA carbon were determined by optical mi-
croscopy (Fig. 1 and Table 1). The length and width for
DF were respectively 177 pum 4+ 27 pm and
38.5 um £ 2.8 pm (Fig. 1a). The WRT biochar, AM
biochars, and NA carbon were uniform in shape. The
particle sizes of WRT biochar (Fig. 1b), AM biochars
(Fig. 1c), and NA carbon (Fig. 1d) were respectively,
294 puym £+ 6.5 pm, 254 pm += 2.6 pm, and
11.1 pm + 0.9 um.

The surface area of DF was low at 0.9 m*g ' and
upon pyrolysis marginally increased (1 m’ gf1 —
2 m’-g"") and were unexpectedly low, suggesting a mild
pyrolysis reaction occurred for both samples®. In con-
trast, the NA carbon had a large surface area of
750 m*- g_1 and consistent with the Ref. [32].

Wood extractives can play a major role as a plasti-
cizing agent in WPC to reduce melt viscosity and
therefore necessary to know their levels™. The fiber
sample had CH,Cl, extractives contents ranged from
0.5% to 2.2% (Table 1). The DF CH,Cl, extractives
levels was lower than reported for Douglas-fir heart-
wood at 5.25%%. At these levels, the extractives are not

expected to play a major role in melt properties™>".
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Table 1 Particle size, surface area (Spet), and extractives contents
for the various fiber samples

Particle size

Fiber sample ™ [enoth  Width (nffgl) CE’;E?EZ)
(um) (pm)
DFfiber  177(27) 385(28) 09 159
WRT biochar 29.4 (6.5) 2.1 170
AM biochar 25.4 (2.6) 1.0 2.18
NA carbon 1.1 (0.9) 749 0.52

3.2 Composite melt properties

The Melt Flow Rates (MFR) and apparent viscosity
of DF, AM biochar and WRT biochar composite samples
(Table 2) were between 0.83 g to 2.70 g per 10 min and
27.2 kPa's to 88.9 kPa-s, respectively. These values
compared favorably for the WPC with those reported by
Gallagher and McDonald™* (0.35 g—2.90 g per 10 min;
12.7 kPa's — 107.0 kPa-s), Wei et all” (1.55g—2.19 ¢
per 10 min; 25.1 kPa-s — 35.2 kPa-s) and Adefisan and
McDonald®” (1.31 g — 1.60 g per 10 min; 46.5 kPa's —
57.1 kPa-s). Statistical analysis showed that MFR of the
three type’s fiber was significantly different. The DF
composite has the highest MFR and lowest melt viscos-
ity. MFR measurements for the NA composite sample
were not able to be obtained due to its very low dis-
placement, even with a load of 15 kg.

The dynamic rheological behavior (elastic modulus

':(a)-'\ éf‘h"&* ‘ (bS.v

(G") and viscous modulus (G")) of HDPE and composite
melts are shown in Fig. 2a. At low frequency, the G" was
higher than G' for HDPE, showing a liquid viscoelastic
I For the WPC, G' was larger than G" at low
frequency regions, indicating an elastic response in the

behavior

molten state, due to the fact that the polymer chains had
sufficient time to show an elastic deformation rather than
relaxation at low frequencies™®®. A similar phenomenon
was also observed in wood flour (50%)/PP composites
or wood flour (70%)/HDPE compared with other con-
centrations of wood flour composites due to the in-
creased interactions between filler and matrix at high
filler loadings and low frequencies™’=*.

The complex viscosity (#*) was shown to decrease
as the frequency increased, showing a shear thinning
behavior of the HDPE matrix in the composites (Fig. 2b).
The composite samples have higher #* than HDPE,
which is due to the formation of network-like structure
in the composite melts®”). Consequently, the composites
showed a solid-like behavior because of the restrained
motion of HDPE chains. The higher viscosity of NA
composite could be explained by a higher fiber-matrix
interaction in the melt due to a higher surface area for
NA. A similar phenomenon has been observed in Eth-
ylene Vinyl Acetate (EVA) copolymer filled with bam-
boo charcoal. The #* of EVA increased after loading

i
~

Fig. 1 Optical mlcrographs of (a) DF fiber (40x, scale bar 1 mm); (b) WRT biochar (100x, scale bar 200 um); (c) AM biochar (100x, scale

bar 200 um), and (d) NA carbon (100%, scale bar 200 pm).
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Fig. 2 (a) Dynamic rheology elastic (G') and viscous modulus
(G"), and (b) complex viscosity (7*) of HDPE and composite
samples with frequency at 180 °C.

Table 2 Melt Flow Rates (MFR) and apparent viscosity at 190 °C
and dynamic complex viscosity (*) at 180 °C of the composite
samples

Samples MFR ' ' Apparent n*at 1 Hz
(gper 10 min)  viscosity (kPa-s) (MPa-s)
HDPE - - 4.4 (0.0)°
DF composite 2.70 (0.19)* 27.2 (2.0)° 26.0 (1.5)°
WRT composite 0.83 (0.05)° 88.9 (5.0) 21.9 (1.3)°
AM composite 1.23 (0.08)" 59.7 (3.6)° 18.2 (6.4)°
NA composite - - 105.3 (8.1)"

Note: Values in parentheses are standard deviations. Samples with different
letters (a, b and c) are statistically significantly different (p < 0.05) using
one-way ANOVA test.

the bamboo charcoal, and with the increasing bamboo
charcoal loading, the 7* increased™’..

At low frequencies (< 1 Hz), the difference of #*
among DF composites, WRT composites, and AM
composites was negligible, but #* values of DF com-
posites was slightly higher than the biochar composites.
The #* (at 1 Hz) was also shown to increase from
4.4 MPa-s for HDPE to 26.0 MPa-s for DF composite,
21.9 MPa-s for WRT composite, 18.2 MPa-s for the AM
composite, and 105.3 MPa-s for the NA composite. The
higher G' and n* of NA composite suggested the better

interfacial interaction between carbon particle and ma-

trix and better melt strength®®.

3.3 Mechanical properties

Tensile modulus was significantly higher for all the
composite samples compared to HDPE. The NA com-
posites showed the highest tensile modulus (3.4 GPa),
indicating a good interfacial adhesion and leading to
better stress transfer efficiency from the HDPE matrix to
the carbon filler. This is likely attributable to NA high
surface area results in good interaction with the matrix.
The tensile strength of AM composite and WRT com-
posite decreased respectively by, 3% and 24% lower
than HDPE (21 MPa). A similar result was found in the
bamboo charcoal composite!!. Furthermore, the DF
composite has a higher tensile strength compared to the
AM and WRT biochar composites. One reason could be
that DF had a higher aspect ratio (~4.6) than the biochar
(~1) which would improve reinforcement of the com-
posite*'). Tkram et al."**! suggests that the biochar cannot
chemically react with HDPE due to lack of surface
functional groups especially hydroxyl groups. Das et
al ™ also reported similar results. However, Zhang et

al ™

found the tensile strength of rice husk bio-
char/HDPE composites were higher than rice husk
power/HDPE composites, where they reported no hy-
drophilic hydroxyl functional group in the interior was
beneficial to the interfacial bonding between biochar and
HDPE. Moreover, the NA composite exhibited the
highest tensile strength (28.6 MPa) and was the most
hydrophobic as described in section 3.5.

The composite samples’ toughness was assessed by
its Energy At Break (EAB) (Table 3). EAB of all the
composite samples decreased compared to HDPE. The
EAB values of composite samples were significantly
lower (0.3 J— 0.9 J) than that of HDPE (4.2 J). Moreover,
the EAB of NA composite decreased by 78% as com-
pared to HDPE.

3.4 Thermal analysis

The viscoelastic properties (£' and tan ¢) of HDPE
and composite samples were evaluated using DMA in
three-point bending mode. As can be seen from Fig. 3a,
the E' of the composite samples decreased with tem-
perature. This phenomenon was assigned to the low
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Table 3 Density and tensile properties of composites made with
DF fiber, AM biochar, WRT biochar and NA carbon

Samples Density Tensile Tensile EAB
b (gem ) strength (MPa) ~ modulus (GPa) 0)
HDPE 0.950 211 (0.4)° 06007 gfé)a
DF o b b 0.75
composite 1.026 (0.018) 21541 23(0.5) (0_34)b
WRT o c b 0.32
composite 1.027/(0.024) 16.1(3.7) 2.0(0.5) (0.04)
AM o b b 0.33
composite 1018 (0.053) 205@3.5) 22(0.3) ©.12)
NA 2 2 a 0.93
composite 1090 (0.037) 28.6(0.9) 3.4(0.3) 0.26)°

Note: Values in parentheses are standard deviations. Samples with different
letters (a, b and c) are statistically significantly different (p < 0.05) using
one-way ANOVA test.

4500
o  HDPE
4000 o DF composite
F A AM composite
3500 v WRT composite
F < NA composite
3000
= L
& 2500
> L
& 2000
1500
1000
500
O I n 1 n 1 n 1 L 1 n 1 n 1 L ]
30 40 50 60 70 80 90 100
(a) Temperature (*)
0.28
o  HDPE
o DF composite
024 - & AM composite
v WRT composite
< NA composite

Tand

30 40 50 60 70 80 90 100
(b) Temperature (*)

Fig. 3 (a) Storage modulus (£'"), and (b) damping factor (tand) of
HDPE and composite samples.

kinetic energy and high rigidity of the composites at low
temperatures, and HDPE matrix softening causing re-
laxation in the composites at high temperatures'**°.
Among the composite samples, the NA composite ex-
hibited the maximum £' values, which may be attributed
to the fact that the higher surface area of carbon led to

stronger interactions with the matrix, and thus the mo-

tion of polymer system was restrained. At 30 °C, the £
of NA composite was 4.05 GPa, while for DF, AM and
WRT composites were 3.4 GPa, 1.5 GPa and 2.0 GPa,
respectively.

Tand is a measure of the energy dissipation of ma-
terials under cyclic load, and can be used to determine
the internal bonding of composites. In Fig. 3b, within the
measured temperature range, tand increased with tem-
perature, resulting from a decrease in £' and increase in
loss modulus (E")®®. The NA composite showed the
lowest tano values, indicating the enhanced interactions
and modified stress transfer'*”. The adhesion factor (4)
was calculated to evaluate quantitatively the interaction
between the reinforcing agent and the matrix. The lower
values of 4 for the composite samples, the stronger in-
teraction between the filler and matrix'**). The 4 values
for the samples at 30 °C, 50 °C, and 70 °C are given in
Table 4. The NA composite had the lowest 4 values (or
strongest interfacial interaction between particles and
HDPE), followed by WRT composite. This could be
ascribed to an increased surface hydrophobicity of these
two wood fiber and are consistent with a high contact
angle described later”. The 4 values at 30 °C were
—0.278 for NA composite, —0.076 for WRT composite,
—0.063 for DF composite, and —0.038 for AM composite,
respectively.

The softening temperature (75) or melting tem-
perature (7;,) of HDPE and composite samples was
measured by TMA because of its sensitivity and ease of
use!*”). The changes of the samples height (%) with the
temperature (30 °C — 200 °C) are shown in Fig. 4, and the
T, was obtained from the onset point of samples sof-
tening. The 7 was measured to evaluate the chain en-
tanglements between polymer matrix and reinforcing
materials®* . In general, the 7, tends to increase with
the chain entanglements forming[53]. The T of HDPE,
DF composite, WRT composite, AM composite, and NA
composite was determined to be about 129 °C, 133 °C,
132 °C, 131 °C, and 134 °C, respectively. The T; of
composite samples was slightly higher than that of
HDPE, maybe resulted from the interactions between
wood fiber and matrix influencing the crystalline struc-
ture of HDPE. The incorporation of fiber made the
sample more elastic in comparison with neat HDPE,
which may contribute to the increase of 7.
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Table 4 tano and adhesion factor (4) values for HDPE, DF composite, WRT composite, AM composite, and NA composite at 30 °C, 50 °C,

and 70 °C
Sample tandso -c Azo-c tandso -c Asoc tandg -c A7o°c
HDPE 0.129 - 0.179 - 0.204 -
DF composite 0.074 —0.063 0.116 0.059 0.145 0.161
WRT composite 0.073 —0.076 0.105 —0.042 0.130 0.041
AM composite 0.076 —0.038 0.111 0.013 0.133 0.065
NA composite 0.061 —0.278 0.089 —0.240 0.113 —0.095

DSC was performed to obtain information on the
melting and crystallization behavior of HDPE in the
composite. DSC thermograms of the cooling and second
heating scans of HDPE and composite samples are
shown in Fig. 5, and the corresponding parameters of
thermal transitions including melting and crystallization
are presented in Table 5. In the second heating scan, a
typical melting peak at 131.0 'C was observed in HDPE.
The T, of composite samples was around 129 °C —
132 °C, and in the range of T}, determined by TMA.
Moreover, NA composite had the lowest T}, of 129.5 °C.
The crystallization temperature (7¢) is an important pa-
rameter to describe the crystallization behavior of HDPE
and composite samples. The higher the T, the faster the
crystallization of polymers™*. For composite samples,
the 7. of DF composite, WRT composite, AM composite,
and NA composite were 118.9 °C, 118.3 °C, 117.7 °C,
and 118.9 °C, respectively, slightly lower than that of
HDPE (119.0 °C), suggesting wood fiber marginally
hindered the crystallization process of HDPE (Table 5).
A possible explanation is that wood fibers limit the flow
of polymer, and restrict its rearrangement. The results
are in agreement with Cui ef al®*! and contradicts the
finding of Das et al.”® and Ndiaye ez al.’"). Cui et al.*”
found addition of wood fiber in polymer composites
delayed exothermic crystallization, whereas Das et al.”®!
and Ndiaye ef al.”"! observed the shifting of crystalliza-
tion point to a higher temperature. The enthalpy of
HDPE during crystallization (AH;) was reduced by
adding wood fiber. The crystallinity of WRT composite
(59%), AM composite (55%) and NA composite (41%)
was lower than that of DF composite (65%).

The thermal degradation behavior of the DF fiber,
biochar, NA carbon, and composites was determined by
TGA (Fig. 6a) and DTG (Fig. 6b). The char residue of
DF fiber, WRT biochar, AM biochar, and NA carbon
were 0.3%, 7.9%, 2.5%, and 13.5%, respectively

(Fig. 6¢). The weight loss of AM composite, WRT
composite, and NA composite due to thermal degrada-
tion was observed in four distinctive stages (a, S, y, and
), however, an additional fifth stage (w) was occurred
in the DF composite between 240 °C and 700 °C (Fig. 6a
and Table 6). In the case of DF composite, the first (),
second (f), and third (y) stages were corresponded to the
degradation of hemicellulose, cellulose, and lignin, re-
spectively[l’sgff’o]. The fourth (w) and fifth (y) stages
were attributed to the degradation of C—C bonds of
HDPEP". The NA composite began to degrade at 290 °C,
while the other composite samples started at 281 °C (DF

100 |
80
£ 60+
=
.20
£ 40F
—— HDPE
—— DF composite
20 — WRT coI;npo_site
—— AM composite
ok T NA composite
20 40 60 80 100 120 140 160 180 200

Temperature (°)

Fig. 4 TMA thermograms of HDPE, DF composite, WRT com-
posite, AM composite, and NA composite.

——HDPE

—— DF composite
AM composite

—— WRT composite

——NA composite

—Endo

40 60 80 100 120 140 160
Temperature (°)

Fig. 5 DSC thermograms of the cooling and 2nd heating cycles of
HDPE and composite samples.

@ Springer



Wang et al.: Effect of Different Reinforcing Fillers on Properties, Interfacial
Compatibility and Weatherability of Wood-plastic Composites 345

Table 5 Calorimetric data for HDPE and composite samples

DSC TMA
Samples - T
TCO) Tu(O) X% AH(g) 1 0
HDPE 119.0 131.0 61 172 129
DF composite 118.9 131.5 65 90 133
WRT composite 118.3 132.0 59 86 132
AM composite 117.7 131.5 55 71 131
NA composite 118.9 129.5 41 52 134
100 [————mmeemmr e DF composite
-~ NA composite
- AM composite
80 — WRT composite
HDPE
< 6ot
=
.20
o -
= 40
20+
O C 1 1 1 1 1 1 1
100 200 300 400 500 600 700
(a) Temperature (°)
N
1
=
.20
3 L
2 -5t .
I~ oo DF composite
‘5 -6 - NA composite
A I ——— AM composite
T — WRT composite
——HDPE
_8 C 1 1 1 1 1 1 1
100 200 300 400 500 600 700
(b) Temperature (°)
100
80
S 60+
= L
.20
o -
= 40
| — DF fiber
00 AM biochar
-------- WRT biochar
(I NA carbon
1 1 1 1 1 1 1
100 200 300 400 500 600 700
(©) Temperature (*)

Fig. 6 (a) TGA and (b) DTG thermograms of HDPE, DF com-
posite, WRT composite, AM composite, and NA composite; (c)
TGA of DF fiber, WRT and AM biochar, and NA carbon.

composite), 275 °C (AM composite), and 266 “C (WRT
composite), respectively. In addition, the char residue of
NA composite was 15.6% at 700 °C, higher than that of
the other composite samples. Thus, the NA composite
had the better thermal stability than the other three

composites. Moreover, the char residue of AM compos-
ite (4.0%) and WRT composite (2.1%) were higher than
DF composite (1.9%) due to the decrease of the de-
gradable components in biochar (cellulose, hemicellu-
lose, and lignin)"®". Compared with HDPE, the initial
temperature and char residue of the NA composite, AM
composite, and WRT composite increased, indicating
that the addition of biochar and carbon to HDPE could
improve the thermal stability of the composites. This
finding was consistent with the literatures!®* %,

3.5 Physical properties

Water contact angle is a measure of the hydropho-
bicity of a surface. The average water contact angles at
30 s decreased in the following order: NA composite
(106%) > WRT composite (105°) > AM composite (93°) >
DF composite (87°) > HDPE (81°). This result shows
that NA composite and WRT composite was notably
more hydrophobic than the other three. This may con-
tribute to more pronounced adhesion or compatibility for
the NA carbon and WRT biochar with HDPE. The in-
creased surface hydrophobicity of these two fiber types
could contribute to the lowest 4 values (more compati-
ble) of NA composite, followed by WRT composite,
which was discussed earlier. The contact angles of NA
composite, WRT composite and AM composite samples
increase < 1 s, and then stabilize after the water droplet
drops onto the surface. On the other hand, the increase of
fibers’ char residue, which was discussed in the thermal
analysis section 3.4, could also contribute to the increase
of the surface hydrophobicity.

Water soak tests assess the water ingress into the
composite material and how this material would behave
in a wet environment. During 70 d of immersion, the
Water Absorption (WA) and thickness well (TS) were
measured with time (Fig. 7 and Table 7). The WA at 70 d
for DF, WRT, AM and NA composites were respec-
tively, 3.7%, 2.0%, 1.7% and 1.3%. The biochar and
carbon composites had better water resistance than the
DF composite. The TS for these composites showed a
similar trend to the WA results. This can be explained as
follows: firstly, biochar contains numerous pores and
gaps in its structure, and the pores and gaps were filled
by HDPE; second, biochar is dispersed homogeneously
in the matrix'). The results were also consistent with the
contact angle test, which showed that the contact angle
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Table 6 Thermal decomposition temperatures and residue content of composite samples
Temperature ("C) Residuc at
Samples First stage Second stage Third stage Fourth stage Fifth stage 700 °C
a a Twax B B Tox i 2 Twx @1 @ Toax W1 w2 Toax )
HDPE 260 364 383 364 440 420 440 588 459 - - - - - - 1.88
DF composite 281 335 305 335 468 396 468 511 501 511 554 533 554 607 568 1.89
NA composite 290 341 301 341 450 404 450 534 501 534 690 626 - - - 15.62
AM composite 275 315 295 315 445 364 445 529 523 529 584 543 - - - 3.95
WRT composite 266 308 285 308 437 362 437 513 509 513 616 532 - - - 2.12

Note: ' and ? refer to the temperatures of the first onset and final decomposition.

4 -
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y
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Fig. 7 Water absorption of composite samples as a function of
soak time'%.

between water and biochar/carbon was higher than be-
tween the DF fiber surface. Water absorption rates of the
composite samples were measured with Fick’s law of
diffusion model by plotting water absorbed versus
time" using a polynomial curve fitting at 2nd order'®”.
The Dy for DF, WRT, AM, and NA based composites
were 4.60 m*-s ', 3.98 m*s ', 2.34 m>s”', and 4.06 x
107" m*s ', respectively. The higher Dy, the shorter
time taken to reach the equilibrium MC*,

3.6 Accelerated weathering studies

Accelerated weathering was performed to assess
the in-service performance of these biochar/carbon filled
composite materials. Initially, the samples were visually
inspected by reflectance microscopy. The accelerated
weathered DF composite samples whitened after 1200 h
of exposure time (Fig. 8a). After 400 h of exposure, the
content of wood fiber on the DF composite surface de-
creased, making the surface white. After 800 h of
weathering, only a small amount of fiber was left on the
wood composite surface. When the exposure time was
further increased (1200 h), the number of wood fibers at
the surface continually decreased and the color was

almost white. Wei er all”) also found a similar phe-
nomenon. However, the visual color of WRT composite
(Fig. 8b), AM composite (Fig. 8c), and NA composite
(Fig. 8d) changed slightly. This result indicated that the
biochar and carbon composites were more apparently
photostable than the DF composite. The micrographs of
the biochar/carbon composites show a white crystalline
appearance because the samples were lightly sanded
before testing; however, the samples were very dark in
color. Therefore, color measurements were taken to
monitor changes in the samples.

The color changes (AE"), color lightness (AL"),
redness and greenness (Aa*), and yellowness and blue-
ness (Ab*) of weathered HDPE and WPC are shown in
Fig. 9. AL" can be used to measure the degree of
weathered composite relative to the original composite
surface color. The color changes (Fig. 9b) and surface
color lightness (Fig. 9a) of DF composite increased
rapidly and significantly, while the WRT and AM
composites increased slowly and slightly. The NA
composite had the lowest AE" and AL" changes, indi-
cating that the NA composite had better apparent resis-
tance to photodegradation (Figs. 9a and 9b). For instance,
when the exposure time elapsed 1200 h, the AE “and AL
of DF composite were 37.87 and 36.68, while the AE"
and AL" of NA composite were 0.83 and —0.71, respec-
tively. The AE" and AL" ranked as the following order:
NA composite < WRT composite < AM composite < DF
composite. Javadi et al®® studied the effect of CB and
Hindered Amine Light Stabilizer (HALS) hybrid sys-
tems on the UV stability of HDPE. They concluded that
both CB (blocked light) and HALS improved the stabil-
ity through completely different mechanisms. Liu and
Horrocks'®”! found that the size of CB particles influ-
enced their performance greatly, and the smaller
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Table 7 Water absorption (WA), thickness swell (7S), and Fick’s diffusion coefficient (Dy) of composite samples

Samples w4 (%) 75 %) De(10 B m?s™h
1d 70d 1d 70d
DF composite 0.48 (0.04) 3.67 (0.35) 0.99 (0.82) 2.88 (0.86) 4.60
WRT composite 0.26 (0.04) 2.03 (0.17) 0.75 (0.75) 2.79 (1.06) 3.98
AM composite 0.18 (0.01) 1.68 (0.03) 0.92 (1.00) 2.74 (1.25) 2.34
NA composite 0.15 (0.02) 1.25(0.02) 0.36 (0.36) 1.87 (0.39) 4.06

(@

(b)

©

(G

Fig. 8 Light micrographs (20x) of (a) DF composite, (b) WRT composite, (c) AM composite, and (d) NA composite that were xe-

non-arc-weathered for 0 h, 400 h, 800 h, and 1200 h.

particles could be more effective in improving the UV
stability of LLDPE films. These results show that bio-
char can be used as a light stabilizer in composite mate-
rials. The Aa" (Fig. 9¢) and Ab" (Fig. 9d) of DF com-
posite decreased with the increasing exposure time,
showing the greenness and blueness. Noticeably, the Ab"
of pure HDPE slightly increased, which is attributed to
the fact that polyolefin degrades under light to show
yellowness.

The carbonyl bands, vinyl bands, and hydroxyl
groups of weathered DF composite were changed from
the FTIR spectra (Fig. 10). The C-O stretching groups of
wood cellulose was between 1050 cm ' and
1020 cm " The band between 1650 cm™' and

1630 cm ' was attributed to vinyl (C=C) groups'®’.

During weathering, the spectra of DF composite showed
some bands between 1800 cm ' and 1680 cm ', which
were assigned to the carbonyl functional groups
(Fig. 10). The literature shows that the carbonyl groups
can be identified into conjugated ketone (1700 cm ' —
1680 cm™ "), carboxylic acids (1725 cm™' — 1715 ecm™),
ester (1745 — 1730), and y-lactone (1800 cm ' —
1765 c¢cm™'), which are photolabile!’® . The FTIR
spectra showed that the carbonyl signals increased, in-
dicating chemical oxidation (Fig. 11). In addition, the
carbonyl band was shifted from 1734 cm™' to 1715 cm
with increasing weathering, indicating that the esters
reduced and carbonyl acids formed’". The four
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Fig. 9 Effect of xenon-arc accelerated weathering on the (a) lightness (AL), (b) color change (AE), (c) redness and greenness (Aa*), and (d)

yellowness and blueness (Ab*) of HDPE and WPC samples.
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Fig. 10 FTIR spectra of weathered DF composite that were accelerated weathering for 0 h, 400 h, 800 h, and 1200 h.

composites experienced changes in carbonyl content
during weathering. DF (Fig. 11a) and WRT (Fig. 11b)
composites had similar changes in carbonyl content, so

did the AM (Fig. 11c) and NA (Fig. 11d) composites.
In order to determine the extent of the wood com-
posite oxidation, the carbonyl groups (carboxylic acids,
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esters and vinyl) were examined based on the
Eq. (9). The concentration of carbonyl groups (carbox-
ylic acids and esters) and vinyl groups varied with in-
creasing exposure time (Fig. 12). Both the concentration
of carboxyl (carboxylic acid (Fig. 12a) and esters
(Fig. 12b)) and vinyl (Fig. 12¢) increased with the
weathering time firstly, and then decreased. The results
were in agreement with concentration reported by Fabiyi
et al." for the HDPE- and PP-based WPC. Among the
composites, the DF composite experienced the most
of the
0.9 molkg' to 2.3 mol'kg™' for carboxylic acids,
0.6 mol-kg ' to 1.4 mol-kg ™" for esters, and 2.4 mol-kg '
to 6.0 mol-kg ' for vinyl groups. The result indicated

changes concentrations, increasing from

that HDPE in DF composite experienced more chain
cleavage. The changes in carbonyl groups (1800 cm ' —
1680 cm ') during weathering were measured by cal-
culating CI (Fig. 12d). CI of all the wood composite
increased at the beginning of weathering due to oxida-
tion. However, with the extended exposure time, CI
reduced probably due to wood loss at the WPC surface.
CI of DF composite increased from 0.2 to 5.1, which
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experienced the most changes. While CI of NA com-
posite varied from 0.3 to 2.1, indicating more stability.
The possible reason is that decreasing the particle size
and increasing the specific surface area results in greater
stability!”).

4 Conclusion

WPC with four types fibers (DF, WRT biochar, AM
biochar and NA carbon) as reinforcing filler were suc-
cessfully prepared by an extrusion process. The NA
composite melts performed higher modulus and viscos-
ity than the other three composites, indicating different
melt processability. Tensile properties of NA composite
exhibited the best, mainly due to the least extractive
content of carbon fiber. The storage modulus of NA
composite also displayed the highest values, suggesting
the enhanced interfacial interaction as evidenced by
adhesion factor. The improved 7 of NA composite fur-
ther confirmed the stronger interaction between carbon
and HDPE matrix. The biochar and carbon composites
were more thermally stable than the DF composite. The
addition of biochar and carbon also improved the WPC
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Fig. 11 FTIR spectra of the expanded carbonyl (C=0) region of 0 h, 800 h, and 1200 h of accelerated weathering of (a) DF composite, (b)

WRT composite, (c) AM composite, and (d) NA composite.
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Fig. 12 Effects of accelerated weathering on the concentration
(1635 cm™"), and (d) carbonyl index in the WPC.

dimensional stability and weathering performance (less
lightness and color change). In addition, the NA com-
posite displayed less variable change of carbonyl con-
centration, indicating improved photostability. Biochar
is a suitable substitute for wood fiber in WPC materials
with improved performance.
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