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yethylene composites reinforced
by distillers dried fibers with solubles (DDFS) after
different generations of ethanol fermentation†

Bo Chen,a Xiaotong Shen,a Zhangfeng Luo,a Huidong Chen,bc Di Cai, *a

Changjing Chen,a Changwei Zhang,a Peiyong Qin,a Hui Cao*a and Tianwei Tana

In order to effectively evaluate the distillers dried fibers with solubles (DDFS) obtained from biorefinery

processes, sorghum distiller (SD), cassava distiller (CD) and corn cob distiller (CCD) residuals from

different generation bioethanol plants were used as the reinforcing phase for polyethylene composites.

The mechanical performances and the physical properties of the polyethylene/DDFS composites were

evaluated. The results showed that the CCD reinforced specimen offered the best mechanical

performances, with a flexural strength of 21.8 � 2.2 MPa and a tensile strength of 39.7 � 3.2 MPa. After

multigelation, the retention ratios of the rupture modulus and the elasticity modulus of the CCD

reinforced specimen reached 88.7 � 6.7% and 84.1 � 2.7%, while after 2000 h of xenon lamp weathering

they reached 96.2 � 4.7% and 82 � 1.8%, respectively. Hybridizing the biorefinery process with the

process of composites production was feasible.
Introduction

Due to concerns about environmental change and an energy
crisis, there is increasing attention on biofuel production.1

Bioethanol is considered to be a clean and renewable fuel that
offers environmental benets.2 The production of bioethanol
from renewable biomass resources can generally be classied
into two generations.3 The rst generation (1 G) biofuels based
on edible food based feedstock can be questioned due to the
trade-off between food and fuel supplies.4 The second genera-
tion (2 G) biofuels that are derived from lignocellulosic biomass
materials are consideredmore broadly social acceptable and are
being widely studied.5 Moreover, there is another generation of
biofuels, namely the one and a half generation (1.5 G) biofuels,
that utilize non-food starchy or sugar based raw materials. The
1.5 G biofuels are easier to produce than the 2 G biofuels since
the latter suffer from difficulties with delignication.6

No matter which generation of fuels is produced, a common
bottleneck which needs to be properly addressed is the identi-
cation of an appropriate method for dealing with the solid
residuals, to extend the value chain. The distillers dried grains
nery, Beijing University of Chemical
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with solubles (DDGS) from the 1 G plants can be applied as
animal feed, and heat and electricity can be generated from the
lignocellulosic residuals of the 2 G plants, but a more protable
strategy is to produce wood-plastic composites (WPCs) using
these solid residuals as the reinforcing phase.7–9

WPC is a ‘green’ biomaterial with low density and good
mechanical and physical properties, which could partly replace
woody materials and avoid the severe environmental conse-
quences of accelerated deforestation.10,11 In previous studies,
DDGS, the residual aer 1 G biofuel production, was used as the
reinforcing phase in poly (butylene adipate-co-terephthalate)
(PBAT) and polyhydroxyalkanoate (PHA) matrices.12,13 For the
1.5 G biorenery residuals, composites from poly-
hydroxybutyrate (PHB) and potato peel waste fermentation
residuals were prepared.14 In our previous works, renewable
polylactic acid (PLA)/sweet sorghum bagasse composites were
obtained using residuals from the 1.5 G bioethanol and 2 G
biobutanol plants.9,15 Besides, a PBAT/microalgae biomass
residual based biocomposite was also obtained.16

Although numerous research studies have focused on WPC
production from biorenery residuals, no research has ever
focused on a comparison of the mechanical and physical
properties of the WPCs reinforced by the residuals from
different generations of biofuel plants. In fact, the WPCs could
effectively maximize the economic value of a biorenery. Hence,
there is a need to compare the properties of the WPCs produced
from the diverse biofuel production routes. Here, a comparative
study based on polyethylene composites reinforced by distillers
dried bers with solubles (DDFS) from different generations of
biofuels was conducted. Aer simultaneous saccharication
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Flowchart of the process for the preparation of polyethylene/
DDFS composites. Solid residuals from 1 G, 1.5 G and 2 G SSF bio-
ethanol plants were used as the reinforcement.
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and fermentation (SSF) for ethanol production, DDFS were ob-
tained as solid residuals. The sorghum distiller (SD), cassava
distiller (CD) and corn cob distiller (CCD) residuals from the 1
G, the 1.5 G and the 2 G biofuel plants were utilized as the
reinforcing phase (Fig. 1). The composition and the character-
ization of the different DDFS residuals were analyzed, and the
mechanical and physical properties of the composites were
then evaluated. The ageing resistances of the WPCs were also
compared. The results suggest that the polyethylene/DDFS
composites are promising for practical application. The
process for the production of composites has the potential to be
combined with the biorenery processes.
Experimental
DDFS preparation

The SD residual was obtained from the 1 G plant, and was
kindly provided by local spirit distilleries in Shandong Province,
China. It was derived from sorghum grain and was obtained
aer SSF. The CD residual was obtained from the 1.5 G plant,
COFCO, China. The CCD residual derived from corn cob was
kindly provided by the Longlive group located in Yucheng,
Shandong Province, China. It was obtained at the end of SSF
aer a two-stage pretreatment. All the residuals were dried out
overnight at 105 �C. Then, the solids were milled into a ne size
(60–80 mesh) and were stored at �20 �C before use.
Characteristics of DDFS residuals

The chemical compositions of the DDFS residuals were
measured following the method of NREL.17 The functional
groups of the DDFS residuals were analyzed by Fourier trans-
form infrared spectroscopy (FT-IR) (Nicolet 6700, Thermo
Fisher, USA). An X-ray diffractometer (D 8, Bruker, USA) was
applied to analyze the crystalline cellulose in the DDFS
This journal is © The Royal Society of Chemistry 2018
residuals. A scan rate of 0.02� s�1 was used in the range of 3� to
60�. Results were calculated based on eqn (1):18

CrI ð%Þ ¼ I002 � Iam

I002
� 100% (1)

where I002 is the intensity for the crystalline portion of the
biomass at about 2q ¼ 22.5� and Iam is the intensity of the peak
for amorphous cellulose at 2q ¼ 18�.
Preparation of polyethylene/DDFS composites

A co-rotating twin-screw extruder (Coperion ZSK, Werner &
Peiderer, Germany) was used for the preparation of the
polyethylene/DDFS composites. A mixture of 50 wt% of DDFS,
40 wt% of HDPE 600, 4 wt% of stearic acid, 3 wt% of MA-HDPE
and 3 wt% of polyethylene wax was extruded under the zone
temperatures of 140–175 �C as described in the study by Luo
et al.19 Stearic acid was used as the outer lubricant, MA-HDPE
was the interface modifying agent, and the polyethylene wax
was the inner lubricant. The injection of a standard specimen
was performed at 140–165 �C and 50 MPa using an injection
moulding machine (HTF 120 X2, Haitian, China).
Determination of the mechanical properties of the
composites

The tensile and exural strengths, the tensile and exural
moduli and the elongations at break of the composites were
tested using a material testing machine (Instron 1185, USA)
according to the test methods described in the government
standard for commercial wood–plastic composites in China
(GB/T 24508-2009).20 The speed used for the tensile tests was 20
mm min�1 and that for the exural tests was 10 mm min�1. All
the tests were performed in quadruplicate, and the average
results are given in the results with error bars showing greatest
absolute differences.
Determination of the physical properties of the composites

The densities of the composites were determined from the
weight/volume of the specimens.19 The water absorption rates of
the composites were determined from the mass changes aer
submerging the specimens in distilled water (at 20 � 5 �C).
Thermal tests

The thermal stabilities of the composites were determined
using a thermal gravimetric analyzer (TGA) (TGA/DSC/SF1100,
Metter, Switzerland). Samples were placed in a platinum pan
and heated from 20 �C to 600 �C at a heating rate of 10 �Cmin�1

in a nitrogen atmosphere. Differential scanning calorimetry
(DSC) (TGA/DSC/SF1100, Metter, Switzerland) was used to
evaluate the melting behavior of the polyethylene/DDFS
composites. All the samples were heated from 30 �C to
170 �C, and then cooled down to 30 �C at a cooling rate of
10 �C min�1 in a nitrogen atmosphere. The thermograms of the
second scans were used for analysis.

The crystallinity (Xc%) of each composite was estimated
using the following equation:
RSC Adv., 2018, 8, 25602–25610 | 25603
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Xc ¼ DHm

wDH �
m

� 100% (2)

where DHm is the melting enthalpy of the composite, DH
�
m is the

melting enthalpy for a 100% crystalline polymer (288.8 J g�1 for
HDPE20), and w is the weight fraction of the polymer in the
composite.
Weathering of the composites

Freeze–thaw cycles and xenon lamp weathering were performed
according to GB/T 24508-2009 and GB/T 16422.2-1999.21 Speci-
mens that had been submerged in water for one day were frozen
at �30 �C for a second day. This procedure was repeated 3
times. The xenon lamp weathering was performed under 550 W
m�2 of radiance (290–800 nm). The temperature and the
moisture were maintained at 65 � 5 �C and 50 � 5%, respec-
tively, during the xenon lamp weathering process.

A differential scanning calorimeter (DSC 3+, Mettler Toledo,
Switzerland) was used for determining the DHm and Tm
(melting point) values of the composites before and aer
weathering. Scanning electron microscopy (SEM) (SU 1510,
Hitachi High-Technologies Corporation, Japan) was used to
take SEM images aer weathering.
Results and discussions
Chemical compositions and characteristics of the DDFS
residuals

The chemical compositions of the DDFS residuals were evalu-
ated based on the method of NREL.17 As can be seen from Fig. 2,
the DDFS residuals were mainly composed of soluble constit-
uents, cellulose, hemicellulose, lignin and ash. Unlike the fresh
lignocellulosic bers, the DDFS residuals were obtained aer
SSF in bioethanol plants. Therefore, the soluble fractions in the
DDFS residuals might be different from those in cellulosic
agriculture residuals. Debris from yeast cells, proteins from
saccharifying enzymes or cellulase, and salts from the fermen-
tation media were included in the DDFS residuals. Compared
with the CD and CCD, SD offered the highest soluble content of
Fig. 2 Chemical compositions of the DDFS residuals.

25604 | RSC Adv., 2018, 8, 25602–25610
42.9 � 3.2%. This was caused by the higher level of soluble
vegetable protein in the sorghum grain. Correspondingly,
because of the low protein content in the raw corn cob material,
the soluble component in the CCD was relatively low (11.6 �
2.3%). There was a low level of hemicellulose contained in the
SD (3.5 � 0.6%). This was due to the low lignocellulose content
in the raw sorghum grain. An even lower hemicellulose content
(3.1 � 0.6%) was obtained from the CCD, although hemi-
cellulose is the largest constituent in corn cob.22 Due to the two-
stage pretreatment process before SSF, cellulose was tested for
cellulase adhesion by acid hydrolysis of the hemicellulose and
delignication.23 In contrast, 17.4 � 1.7% of hemicellulose was
retained in the CD aer SSF. Additionally, CCD provided the
highest cellulose content (59.03 � 3.3%). Therefore, this part of
the cellulose was inaccessible to contact with cellulase. The
lignin content in SD (33.4 � 1.9%) was a little higher than that
in CD (19.8 � 2.3%) and CCD (18.5 � 1.4%). Moreover, the CD
had the highest ash content (21.8 � 0.9%).

In order to further analyze the structures and the functional
groups on the surface of the DDFS residuals, FT-IR was per-
formed. The results are shown in Fig. S1a.† The peaks between
3294 cm�1 and 3375 cm�1 were the –OH stretching vibrations.24

The peaks ranging from 2916 cm�1 to 2924 cm�1 were caused by
the stretching vibrations of C–H from –CH and –CH2 groups.
These peaks were also accordant with the cellulose and hemi-
cellulose components in natural ber.25 The vibrations at 1631–
1655 cm�1 belonged to the conjugated carbonyl groups from
lignin fractions of the DDFS residuals, and the peaks from 1513
to 1538 cm�1 and 1426 to 1458 cm�1 were caused by the
benzene skeleton vibrations of lignin fractions. The peak
located around 1240 cm�1 belonged to the C–O stretching
vibrations, which are characteristic for hemicelluloses.26 The
peaks between 1026 cm�1 and 1058 cm�1 were due to the
C–O–C stretching vibrations of cellulose.

The crystallinity index (CrI) values of the bers were used to
analyze the changes of internal microstructure aer chemical or
physical treatment of the lignocellulosic materials. The crys-
tallinity of cellulose is negatively related to the active –OH
groups of the bers while the hydrophilicity of the bers is
positively related to the active –OH.19 Fig. S1b† indicates the
differences between SD, CD and CCD samples, when used as the
reinforcing phases of WPCs. As can be seen from Table 1, the
crystallinity of CCD was the highest compared with that of the
other DDFS residuals. This was attributed to the higher cellu-
lose content in CCD.

As was indicated in the literature, the mechanical properties
of the WPCs were hugely inuenced by the constitution of the
reinforcing ber materials.19 Our previous study also demon-
strated that the higher the cellulose and lignin contents in the
Table 1 Crystallinity characteristics of the different DDFS residuals

DDFSs SD CD CCD

I002 14 047 7767 14 457
Iam 10 376 5845 6421
CrI (%) 26.1 24.7 55.6

This journal is © The Royal Society of Chemistry 2018
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ber, the better the mechanical properties of the WPCs ob-
tained.19 The hemicellulose content in ber should be low due
to its low stability and high hygroscopicity.27,28 Based on the
above results of the DDFS chemical compositions and surface
structures, we speculated that the SD and CCD, with their lower
hemicellulose and higher cellulose contents, might result in
better mechanical performances for their WPC products. This is
proven in the following sections.
Mechanical properties of the polyethylene/DDFS composites

Fig. 3 shows the mechanical properties of composites rein-
forced by the different DDFS residuals. As illustrated in Fig. 3a,
The SD and CCD reinforced composites had similar tensile
strengths (22.3 � 2.4 MPa for SD and 21.8 � 2.2 MPa for CCD),
which were a little higher than that of the CD composite (20.6�
2.6 MPa). Similar to the trend of tensile strength, a lower ex-
ural strength was obtained in the CD reinforced composite (35.2
Fig. 3 Mechanical properties of the polyethylene/DDFS composites:
(a) flexural strength and tensile strength; (b) flexural modulus and
tensile modulus; (c) elongation.

This journal is © The Royal Society of Chemistry 2018
� 1.9 MPa). These results demonstrated that the higher levels of
cellulose contained in the reinforcement phase led to better
mechanical properties, which was accordant with results in
previous works.26 In addition, it proved that the hemicelluloses
and lignin in the bers had a signicant effect on strength.19

The higher content of hemicellulose in CD might have
contributed to the relatively poor strength properties of the
related composite. In contrast, lignin with its hydrophobic
performance and rigidity is compatible with the
polyethylene.29,30

For the modulus properties, an obviously negative correla-
tion between the soluble fraction content and the modulus was
obtained. The tensile modulus and the exural modulus grad-
ually increased in the order SD < CD < CCD. The maximum
tensile modulus and exural modulus were obtained for the
CCD reinforced specimen (1725.4 � 143.2 MPa and 2413.4 �
115.2 MPa, respectively), which were 1.1 and 1.2 times higher
than those of the SD composite (Fig. 3b). Therefore, the soluble
fractions aer SSF had negative effects on the mechanical
properties of the composites, especially the moduli. However,
the soluble fractions are a complex mixture of different types of
compounds, and so the specic inuence of the individual
constituents in the soluble fractions on the composite proper-
ties calls for further investigation.

Fig. 3c shows the elongation at break of different types of
DDFS reinforced composites. Similar elongations at break were
obtained for the CD and CCD composites, and these were far
lower than that of the SD group (4.7 � 0.2%). The higher SD
result might be caused by its higher lignin and soluble
compound content. As demonstrated previously, a higher lignin
content in bers contributes to the exural properties,31,32 and
a higher content of soluble components in the reinforcing
phase also positively affects the elongation properties of the
composites.19
Physical properties of the polyethylene/DDFS composites

The physical properties of the polyethylene/DDFS composites
were further compared. The water absorption rate is one of the
most important parameters that inuences the application of
WPCs in practice.33 As can be seen from Fig. 4a, the water
absorption rate of the specimens all met the national standard
of China (below 3%), no matter which DDFS was used as the
reinforcing phase. Specically, 1.83 � 0.2% and 1.32 � 0.4%
water was absorbed in the specimens reinforced by CCD and CD
aer immersion. By contrast, only 0.35 � 0.2% water was
absorbed in the specimen reinforced by SD. This phenomenon
could be explained by the higher lignin content and lower
hemicellulose content in the SD.

The higher water absorption rates in the CD and CCD rein-
forced specimens might be caused by their higher content of
hemicellulose and cellulose. The –OH groups in hemicellulose
and cellulose are likely to form hydrogen bonds. At the same
time, the hydrophilic fractions in the DDFS and hydrophobic
plastic matrix could allow the zones between the boundaries of
the two phases to absorb water readily.14 The capillary mecha-
nism of water diffusion also results in dimensional
RSC Adv., 2018, 8, 25602–25610 | 25605
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Fig. 4 Physical properties of the polyethylene/DDFS composites: (a)
water absorption rates; (b) densities.

Table 2 The results of differential scanning calorimetry (DSC) analysis

DDFS SD CD CCD HDPE

Tm (�C) 128.92 128.63 129.02 130.59
Tc (�C) 117.81 117.37 118.39 116.24
DHc (J g

�1) 73.62 65.45 75.28 146.84
DHm (J g�1) 71.83 63.09 70.43 148.95
Xc (%) 63.7 56.7 65.2 50.8
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instability.34,35 On the contrary, lignin that has low numbers of
–OH groups and poor hydrophilicity decreases water absorp-
tion.19,36 It is worth noting here that proteins in the DDFS
samples would be denatured in the high temperature extruding
process. Hence, the hydrophobic properties of the reinforcing
phase might be increased due to the exposure of hydrophobic
domains of the proteins aer denaturing. It has been proven
that the native soy protein can absorb >468% water.37 Aer the
WPC manufacturing process, however, the hydrophobic dena-
tured proteins might protect the specimens from water.

Fig. 4b shows the density of the polyethylene/DDFS
composites. Generally, the density of the composites was
maintained at 1.14–1.17 g cm�3, no matter which generation of
DDFS residual was used. All the specimens met the national
standard (GB/T 24508-2009) (>0.85 g cm�3). It has been
demonstrated that a lower density WPC enhances the product
performance and results in a reduction of production cost.19,38

Hence, the CCD reinforced composite that had the lowest
density here (1.14 � 0.03 g cm�3) and the best mechanical
properties was the superior composite when compared with
other specimens.

Thermal properties of the polyethylene/DDFS composites

TGA was carried out to evaluate the thermal properties of the
polyethylene/DDFS composites. The thermograms obtained by
TGA and differential thermal gravimetric (DTG) analysis are
shown in Fig. S2.† The weight loss curves of the specimens
were similar and two obvious weight loss stages were observed
for all three composites. In the rst weight loss stage of
pyrolysis, the degradation of hemicelluloses appeared at 180–
350 �C,39 the random cleavage of glycosidic linkages of
25606 | RSC Adv., 2018, 8, 25602–25610
cellulose occurred at 280–350 �C, and the degradation of lignin
occurred at 250–500 �C.40 The second weight loss stage was
mainly attributed to the degradation of HDPE.

As shown in Fig. S2b,† the weight loss peak of the SD
reinforced specimen was lower than that of the CD composite.
The higher soluble content in the SD ber might be the deci-
sive factor in this performance. The soluble protein and fats in
SD were likely degraded at relatively low pyrolytic tempera-
tures. As a result, the rst peak in the DTG curve of the SD
composite was lower than that in the other samples. It is also
demonstrated in Fig. S2b† that a shoulder peak arose in the
curve of CCD (at about 250 �C). This is attributed to the lower
pyrolytic temperature of hemicellulose (the predominant
fraction in the CCD ber) than those of lignin and hemi-
cellulose. Aer reaching 600 �C, the pyrolysis residuals of the
DDFS composites were obviously higher than the ash contents
in the raw bers. The low ash content of the DDFS samples in
Fig. 2 was attributed to the oxygenolysis of the oxidizing
fractions in the raw DDFS samples based on the NREL method
for ber composition analysis. Nevertheless, carbonization
occurred during the TGA analysis, which is attributed to the
oxygen-free nitrogen environment.

DSC results for the composites based on the different
generation DDFS samples are shown in Fig. S3† and the key
parameters are listed in Table 2. Generally, the Xc values of the
specimens were higher than that of the pure HDPE; this
indicated that the DDFS residuals acted as nucleating agents
in providing initiation sites for crystallization.

The Xc of polyethylene was 50.9%. The Xc of the composites
reinforced by SD, CD and CCD were increased to 63.7%, 59.8%
and 65.2%, respectively. Therefore, the Xc values of the
composites were affected by the surface chemistry of the
reinforcing phase. The CCD residuals acted as nucleating
agents, provided initiation sites for crystallization, and further
inuenced the mechanical properties of the WPCs. In addi-
tion, the lower lignin content in the CD ber might be the
reason for the lowest Xc of the CD reinforced specimen. Here,
the proportion of the reinforcing phase in the current work
was 50%. Due to the relatively high ber content, the wood
bers did not disperse well in the matrix, resulting in
a reduction of heterogeneous nucleation and poor compati-
bility between the bers and the matrix. Correspondingly, the
melting temperatures (Tm) of the specimens were also obvi-
ously decreased. This might be the key reason for the slight
differences of the crystallization temperatures (Tc) of the
composites compared with that of pure HDPE.
This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra03906b


Fig. 5 MOR and MOE retention ratios after (a) multigelation; (b) xenon
lamp weathering.
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Weathering effects on the polyethylene/DDFS composites

For practical applications, WPCs with good stability have
advantages. Freeze–thaw and xenon lamp weathering were
performed in this section according to GB/T 24508-2009 and
GB/T 16422.2-1999,21 and the performances of the composites
were compared.

As can be seen from Fig. 5a, aer 9 days of multigelation, the
retention ratios of the modulus of rupture (MOR) were 91.1 �
7.2%, 91.8 � 6.1% and 88.7 � 6.7% in the ageing specimens
reinforced by SD, CD and CCD, respectively. Correspondingly,
the retention ratios of the modulus of elasticity (MOE) were 80.3
� 5.6%, 77.2 � 6.2% and 96.2 � 4.7%, respectively. The DSC
results of the composites before and aer multigelation were
also evaluated. As can be seen from Table 3, the melting
temperatures of the HDPE lled with the DDFS residuals ranged
between 128.6 �C and 129.0 �C for the crude composites. Aer
multigelation, the Tm of the composites was decreased except
for that reinforced with CD. At the same time, the DHm of the SD
composite was increased from 71.8 J g�1 for the crude specimen
Table 3 Tm and DHm values of HDPE composites before and after mult

DDFS

Before weathering Aer m

Tm (�C) DHm (J g�1) Tm (�C)

SD 128.9 71.8 126.9
CD 128.6 63.1 129.1
CCD 129.0 70.4 128.1

This journal is © The Royal Society of Chemistry 2018
to 80 J g�1 for the weathered specimen, whilst the DHm of the
CD and CCD groups were decreased from 63.1 J g�1 and 70.4 J
g�1 in the crude specimens to 59.9 J g�1 and 61.7 J g�1 in the
weathered specimens, respectively. Therefore, aer freeze–thaw
weathering, the crystallinity of the specimens was changed
signicantly. The decreases in the crystallinities of the CD and
CCD specimens aer multigelation might be caused by the
rearrangement and recrystallization of the polymer matrix. The
increase of crystallinity in the SD reinforced specimen aer
weathering might be assigned to the decomposition of amor-
phous regions in the composite, contributing to a higher
percentage of crystalline content and a higher degree of crys-
tallinity. In addition, the recrystallization of fractured fractions
might contribute to the increase of crystallinity. Furthermore,
the presence of lignin in the SD would help to reduce the
degradation of polyethylene.

The SEM images of the test specimens before and aer
multigelation are shown in Fig. S4 and S5.† As the images
indicate, compared with the specimens before weathering, the
surface morphologies of all composites were changed sharply
by multigelation, although the polyethylene was still attached
well to the reinforcing phase. Because of the intrusion of
moisture, chain scissions of polyethylene occurred.41 In
comparison with the small caves on the surface of the initial
specimens, large cracks arose on the surface of the samples
aer weathering. In addition, parts of the specimen structures
were swollen (see Fig. S2†). Aer multigelation, large gaps
between the DDFS and the polyethylene matrix could be seen in
the SEM images. Therefore, the decrease of the WPCs'
mechanical properties was conrmed by testing the
morphology of the composites. As can be seen from Fig. 5a, for
both SD and CCD composites, the MOR retention ratios and the
MOE retention ratios were above 80%. However, the sample
reinforced with CD obtained from the 1.5 G biorenery process
was signicantly worse than those reinforced with SD and CCD
due to its lower MOE retention.

The performances of the WPCs aer xenon lamp weathering
were further evaluated. Aer 2000 h exposure in the radiance
environment, 72.1 � 3.4%, 78.1 � 4.5% and 84.1 � 2.7% of
MOR and 69.8� 2.4%, 76.4� 4.4% and 82� 1.8% of MOE were
retained in the specimens reinforced by SD, CD and CCD,
respectively. Therefore, xenon lamp weathering showed a sharp
inuence on the mechanical performances of the specimens.
Only the CCD sample exceeded the national standard aer
weathering.

The digital photographs of the specimens before and aer
weathering are also shown in Fig. 6. Before weathering, all of the
igelation and xenon lamp weathering

ultigelation Aer xenon lamp weathering

DHm (J g�1) Tm (�C) DHm (J g�1)

80.0 128.3 72.4
59.9 129.4 49.5
61.7 129.3 60.1

RSC Adv., 2018, 8, 25602–25610 | 25607
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Fig. 6 Surface morphology and color changes of the polyethylene/
DDFS composites before and after xenon lamp ageing. The left
columns: before weathering; the middle columns: after 100 h of
weathering; the right columns: after 2000 h of weathering.
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samples were dark in color. Aer 100 h of weathering, the
surface of the samples became rough. At the same time, the
color of the SD and CD samples became lighter, which might be
attributed to the photo-degradation of lignin.42,43 In good
agreement with the stability of the CCD reinforced specimen
displayed in Fig. 5b, there was no obvious color change aer
100 h of weathering in the CCD sample. Aer 2000 h of
weathering, the surface of the samples became rougher and
large cracks were visible in the ageing specimens. The CCD
sample also showed little cracks which corresponded to the
results shown in Fig. 5b.

DSC results before and aer xenon lamp weathering are
listed in Table 3. DHm values for the CD and CCD reinforced
specimens were decreased sharply by the weathering while the
SD reinforced specimen still showed an increasing trend.
Because of the relatively high content of lignin, the crystal-
linity of CD was low. Correspondingly, the DHm of the initial
CD reinforced specimen was also low. Aer weathering, due to
the photo-degradation of lignin, the DHm was hugely
decreased. Similar results were also obtained in the CCD
reinforced specimen. The reason for the decrease of DHm in
Table 4 WPC production using lignocellulosic materials as the reinforc

Fiber
Fiber volume
fraction (%) Polymer

Flexural
strength (MPa)

Flexural
modulus

SD 50 HDPE 37.7 � 0.8 2.0 � 0.2
CD 50 HDPE 35 � 2 2.2 � 0.2
CCD 50 HDPE 39.7 � 3.2 2.4 � 0.1
Poplar 50 PP 29.9 � 1.4 1.7 � 0.1
Poplar 40 PE — —
Scots pine 50 PP 24.8 � 1.2 3.8 � 0.2
Rubber wood 55.8 HDPE 15.69 1.93
Rubber wood 45.8 HDPE 17.25 1.50
Maple wood 40 HDPE 39.0 � 2.0 2.1 � 0.2
Norway spruce 58 HDPE 42.3 2.77
Spruce, pine, r 47 PP 29.5 � 1.9 2.9 � 0.3
Pinus pinaster 55 HDPE 18.8 � 0.1 3.2 � 0.0
Cotton stalk bark 30 PP 48.4 � 0.8 2.1 � 0.0
Oak 50 HDPE 45.7 � 3.5 2.6 � 0.3
Paulownia 50 PP 43.3 � 3.4 4.8 � 0.0

25608 | RSC Adv., 2018, 8, 25602–25610
the CCD reinforced specimen was similar to that for the
multigelation results in Table 3; it might be caused by the
rearrangement and recrystallization of the polyethylene in the
composite.
Comparisons with other works, discussion and perspectives

Taking all results into consideration, CCD, the solid residual of
the 2 G generation biofuel plant, was the most favorable choice
for further WPC production. The high performance of the CCD
reinforced specimen might be due to its high crystallinity and
high content of cellulose and lignin.19 The novel method for
WPC production shows promise for turning waste into wealth
when coupled with the conventional biorenery processes.
Additional, environmental benets would be generated at the
same time.9

Table 4 compares the currently available results on WPCs
prepared using natural bers as the reinforcing phase. It illus-
trates that the WPCs obtained in the current work are compa-
rable with those obtained in other research using the crude
bers directly. Therefore, in comparison with other bers, the
DDFS aer ethanol production shows good performances when
used as the reinforcing phase in WPCs. The biggest advantage,
however, is that a low-value solid residual can be used to
produce a valuable biocomposite. This novel method could not
only reduce the discharge of solid waste from bioreneries, but
also extend the product chain, so improving the economic
feasibility of conventional cellulosic ethanol production.

Future research should be focused on the ame retardant
properties, and durability of the composites. The current WPCs
were prepared from HDPE matrix and wood ber, which are
both ammable organic materials. Therefore, the ame retar-
dant properties of the WPCs need to be enhanced to widen the
applications for these composites.53 The weathering properties
of the DDFS reinforced composites, especially the xenon lamp
weathering, need to be improved. Several studies have indicated
that the ageing properties can be inuenced by photo-
degradation, humidity or water from the environment, and
ement phase

(GPa)
Tensile
strength (MPa)

Tensile
modulus (GPa) Elongation (%) Reference

22.4 � 2.4 1.5 � 0.1 4.7 � 0.2 This work
20.6 � 2.6 1.6 � 0.1 3.8 � 0.1 This work
21.8 � 2.2 1.7 � 0.1 3.8 � 0.2 This work
17.9 � 2.2 1.1 � 0.2 — 25
40.1 � 0.3 4.2 � 0.1 6.1 � 0.4 31
16.7 � 1.3 3.2 � 0.4 — 44
10.60 0.82 — 45
17.04 1.03 — 45
65.8 � 0.4 3.8 � 0.1 5.4 � 0.3 46
21.6 2.87 — 47
15.3 � 0.9 2.9 � 0.2 — 48
13.3 � 0.4 3.2 � 0.0 — 49
32.9 � 0.3 0.2 � 0.0 7.3 � 0.5 50
33.0 � 0.3 4.8 � 0.3 — 51
18.8 � 2.2 5.3 � 0.2 — 52

This journal is © The Royal Society of Chemistry 2018
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thermal degradation, etc.54,55 Hence, the weathering properties
should be improved by adding some additive agents or modi-
fying the surface of the bers.
Conclusions

DDFS residuals from 1 G, 1.5 G and 2 G biofuel plants could be
used as the reinforcing phase in polyethylene composite
production. Compared with SD and CD, CCD generated from
the 2 G plant had higher crystallinity and a higher content of
cellulose and lignin. Correspondingly, the CCD reinforced
composite showed better mechanical and physical properties,
and longer-term stability.
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Resour., Conserv. Recycl., 2017, 117, 235–248.
25610 | RSC Adv., 2018, 8, 25602–25610
48 S. Y. Leu, T. H. Yang, S. F. Lo and T. H. Yang, Constr. Build.
Mater., 2012, 29, 120–127.

49 S. Chaudemanche, A. Perrot, S. Pimbert, T. Lecompte and
F. Faure, Constr. Build. Mater., 2018, 162, 543–552.

50 H. Wu, X. Liang, L. Huang, Y. Xie, S. Tan and X. Cai, Constr.
Build. Mater., 2016, 118, 337–343.

51 S. Bhattacharjee and D. S. Bajwa, Constr. Build. Mater., 2018,
172, 1–9.

52 N. Ayrilmis and A. Kaymakci, Ind. Crops Prod., 2013, 43, 457–
464.

53 L. Kong, K. Tu, H. Guan and X. Wang, Appl. Surf. Sci., 2017,
407, 479–484.

54 C. Croitoru, C. Spirchez, A. Lunguleasa, D. Cristea,
I. C. Roata, M. A. Pop, T. Bedo, E. M. Stanciu and A. Pascu,
Appl. Surf. Sci., 2018, 438, 114–126.
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