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ABSTRACT: The disposal of paper mill sludge (PMS) is a difficult environmental problem. Thus, PMS has been used as a substitute
for wood fiber (WF) to reinforce high-density polyethylene (HDPE). In this study, we compared PMS-WF-HDPE composites with
composites without PMS after water immersion and thermal treatment. Water immersion and thermal treatment were conducted at
25 and 70°C, respectively. The results show that the composites with PMS absorbed less water but lost more of their original flexural
properties after immersion; thereby, their strength was compromised. These reduced mechanical properties could be partially restored
after redrying. After the thermotreatment, the composites with added PMS lost their weight and flexural properties, whereas the com-
posites without PMS gained flexural strength. The results show that the thermotreatment improved the impact strength of the com-
posites when no more than one-third of WF was replaced with PMS. Fourier transform infrared spectroscopy and energy-dispersive
X-ray energy-dispersive spectroscopy showed that the wood index of the PMS composite decreased more than the index of the non-
PMS composite, whereas the carbonyl index increased more. However, the PMS composite showed a lower increase in the total oxy-
gen/carbon weight ratio. This study suggested that limited amounts of WF could be substituted with PMS to reinforce HDPE. How-
ever, WF-PMS-HDPE composites should not be used in hot, humid environments for long periods. © 2014 Wiley Periodicals, Inc. J.
Appl. Polym. Sci. 2015, 132, 41655.
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tent in the composites resulted in materials with higher Young’s
moduli but lower tensile strengths and deformations at break.

INTRODUCTION

Paper mill sludge (PMS) is a byproduct of pulping or paper
recycling. Generally, the production of 1 ton of paper generates
6.5 m’> of paper sludge, which contains 90% water." In 2012,
more than 102 million tons of paper and paperboard were pro-
duced in China.” The disposal of such a large quantity of PMS
poses complex environmental problems because most sludge
requires disposal into landfills.> Furthermore, the disposal cost
for paper sludge is approximately half the cost of wastewater
treatment. Hence, the paper manufacturing industry is highly
interested in the reduction of disposal costs for paper sludge

Hamzeh et al® reported that composites made with ink-
eliminated sludge (from paper recycling), wood fiber (WF), and
high-density polyethylene (HDPE) exhibited superior flexural
properties. Huang et al.” found that PMS could be used to sub-
stitute part of the WF to reinforce HDPE.

Thermoplastic composites reinforced with WF are most often
used in exteriors for decks, rails, and land building materi-
als.'®'" They are, therefore, exposed to rain and air oxida-
tion. Several studies have indicated that the moisture content
is the key factor in the deformation of biofiber-reinforced

through recycling and reuse.*®

PMS generally contains fine, fibrous, and inorganic materials,
including lime, clay, calcium carbonate, and trace metals.® It
offers several benefits as a substitute for typical inorganic rein-
forcement fillers that are used in the manufacturing of thermo-
plastic polymer composites.” Girones et al.” added recycled PMS
to polypropylene and found that an increase in the sludge con-
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HDPE composites and that the effectiveness of the filler con-
tent is significant.'™> On the other hand, researchers have
also shown that temperature affects the performance of WEF-
reinforced plastic composites."®™® For example, plastic defor-
mation occurs in biofiber-filled polypropylene composites and
results in a decrease in tensile strength and a decrease in the
modulus of the composites at higher test temperatures.*
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Table 1. Formulations of the PMS-WF-HDPE Composites

Formula PMS (%) WF (%) HDPE (%) MAPE (%)
0 0 60 36 4
1 10 50 36 4
2 20 40 36 4
3 30 30 36 4

Both wax and PE wax were added at 1% on the basis of the total
amount of PMS, WF, HDPE, and MAPE.

However, studies on the properties of PMS-reinforced compo-
sites are still limited, and the important issues of water immer-
sion and thermotreatment have not been explored. The purpose
of this study was to examine the behavior of PMS-WF-HDPE
composites subjected to water immersion and thermotreatment.
The results may be used to develop efficient approaches for the
use of large quantities of PMS generated from paper
manufacturing.

EXPERIMENTAL

Main Raw Materials

HDPE (grade: 5000s, melting flow index = 0.8-1.1 g/10 min at
190°C, density = 0.949-0.953 g/cm’) was purchased from Petro-
china Daqing Petrochemical Co. Poplar WF (particle size = 40—
80 mesh, length =1-2.8 mm, aspect ratio=9-12) was pur-
chased from a local market. PMS with a composition of 39%
fine fibers and 61% inorganic materials was provided by a
waste-paper recycling company. It was dried, ground, and sieved
through 20-100 mesh to obtain particles with a size of 1—
2.2 mm and an aspect ratio of 1-3. Polyethylene grafted with
maleic anhydride (MAPE; grafting percentage: 0.9%) was
obtained from Shanghai Sunny New Technology Development
Co., Ltd. It was used as a coupling agent to improve the com-
patibility between the biofiber and HDPE because anhydride
moieties in MAPE undergo esterification with the surface
hydroxyl groups of wood flour.>’ Wax and polyethylene (PE)
wax were obtained from Shanghai Hualing Health and Machin-
ery Firm and Shangdong QiLu Petrochemical Co., Ltd., respec-
tively. Both waxes were used as lubricants.

Preparation of the PMS—-WF-HDPE Composites

WEF and PMS particles were oven-dried separately (at 105°C) to
reduce their moisture content to less than 3%. As shown in
Table I, the components were mixed at 86°C in a high-speed
mixer for 10 min. The mixture was then fed into a twin-screw
extruder. The rotation speed of the twin screw was 100 rpm,
and the feeding speed was 12 rpm. The barrel temperatures of
the twin-screw extruder are listed in Table II. In this stage,
HDPE and WF (with or without PMS) were compounded at
150-175°C. The blends were broken into small particles by a
pulverizer. Finally, the pellets were fed into a single-screw

Table II. Barrel Temperatures of the Twin-Screw Extruder

Zone 1 2 3 4 5 6 7
155 165 170 175 175 165 150

Temperature
Q)
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Table III. Barrel Temperatures of the Single-Screw Extruder

Die
Zone 1 2 3 4 5 6 7 8

Temperature 165 165 170 170 165 165 165 165
(°C)

extruder and then extruded into plates with cross-sectional
areas of 40 X 4 mm? The rotation frequency of the single
screw was 14.00 Hz. The barrel temperatures of the single-screw
extruder are listed in Table III.

Material Treatment

Water Immersion. The specimens were submerged in water at
25°C for a predetermined duration and then removed from the
water for weighing. The dimensions of specimens were determined
with a specific testing apparatus. Before weighing, the water on
the surface of the specimens was wiped off. The specimens were
tested after they were immersed in water for 120, 360, and 600 h.

Thermotreatment. The specimens were placed in a test cham-
ber for thermal oxidative weathering (LR225, Chongqing,
China) set at 70°C. After 120, 360, and 600 h of treatment, the
specimens were removed for analysis. Before testing, the speci-
mens were cooled to room temperature.

Mechanical Property Tests

Mechanical property measurement was conducted on the speci-
mens at room temperature (relative humidity ~ 50%) before and
after immersion. Samples that were previously submerged in
water for 600 h were tested in the dry, wet, and redried states.

Flexural tests were carried out in a universal testing machine
(RGT-20A, Shenzhen Reger Instrument Co., Ltd.), in accordance
with the procedure “Fiber-Reinforced Plastic Composites—
Determination of Flexural Properties” (GB/T 1449-2005). The
specimens had dimensions of 80 X 13 X 4 mm’ and a span
length of 64 mm. A loading speed of 2 mm/min was used for
testing. Five specimens in each group were tested to obtain val-
ues for the flexural modulus and flexural strength.

The unnotched impact strength was examined with an impact test-
ing machine (XJ-50Z, Chengde Precision Testing Machine Co.,
Ltd.) on the basis of GB/T 1043.1-2008 (“Plastics, Determination
of Charpy Impact Properties, Part 1: Noninstrumented Impact
Test”). The specimens had dimensions of 80 X 10 X 4 mm” and a
span length of 60 mm. The striking velocity of the tests was 2.9 m/
s, and the pendulum energy was 2 J. Six specimens of each sample
were tested to determine the impact strength.

Scanning Electron Microscopy (SEM)

To characterize the structural changes, samples were frozen in
liquid nitrogen and then broken. Broken surfaces were sputter-
coated with gold and then analyzed under a scanning electron
microscope (FEI Quanta 200).

The surface of the extruded composite before and after thermo-
treatment was examined by energy-dispersive X-ray spectrometry
without nitrogen freezing to characterize changes in the oxygen
and carbon content and to determine the atomic weight ratio of
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Figure 1. Water absorption of the composites after immersion in water.

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Oxygen to Carbon (O/C weight ratio). The O/C weight ratio was
calculated according to eq. (1):

(@)
0/C= W% 5 100% (1)
Wt %
where wt % denotes the weight percentage of the respective
element.

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was conducted on a Magna-IR 560 spectrome-
ter (Nicolet) to detect the functional groups present on the sur-
face of the extruded composites. Scans were recorded in
absorbance units from 4000 to 400 cm ™. The carbonyl index and
wood index were calculated from egs. (2) and (3), respectively:

I
Carbonyl index= 1738 5 100% (2)
D13
I
Wood index= =22 % 100% (3)
2913

where I represents peak intensity at various wavelengths.**

Figure 2. SEM image of PMS.
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Figure 3. Retention of the (a) flexural strength and (b) modulus of the com-
posites after water immersion (without drying). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Statistical Analysis
Significant differences between the untreated and treated values
(e =0.05) were determined by analysis of variance.

RESULTS AND DISCUSSION

Effect of Water Immersion on the Composite Properties
Water Absorption by the Composite. Water absorption by all
specimens increased during immersion (Figure 1). After immersion
for 600 h, the composites containing 20 and 30% PMS absorbed
markedly less moisture than did the composites filled with 0 or 10%
PMS. As the hydrophilicity of the natural biofibers enabled the com-
posites to absorb water,”>** a higher WF content led to a larger
amount of absorbed water. However, PMS contained both cellulose
fibers and other inorganic fillers (Figure 2). The amount of hygro-
scopic materials, such as cellulose and hemicelluloses, in the PMS—
WE-HDPE composites decreased because of the partial replacement
of WF with PMS. Therefore, the addition of PMS to the WE-HDPE
composite decreased the moisture absorption.

Mechanical Properties of the Composites After Immersion.
Flexural tests were performed on the specimens before and after
water immersion. Both the flexural strength and flexural modu-
lus significantly decreased (Figure 3) after the immersion of the
composites in water. Once the moisture penetrated the compos-
ite materials, WF tended to swell. We presumed that this
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swelling caused the debonding or weakening of the interface
between the WF and the thermoplastic polymer. Meanwhile,
WEF became wet and less rigid than dry WF when the compo-
sites absorbed water. Thus, the flexural modulus decreased
more than the flexural strength.
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Figure 5. Change in the impact strength of the materials before immer-
sion and after immersion for 600 h without drying and with redrying.
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Figure 6. Photographs and microstructures of the cross sections of the
composites. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

In PMS, the inorganic material was the matrix, within which
fine WF was distributed (Figure 2). Inorganic materials enclosed
the small fibers, which did not make complete contact with the
HDPE. The reinforcing function of the small fibers partly
depended on the bond between the inorganic material and
HDPE. However, the inorganic particles were very hard and
were impenetrable to molten HDPE; this caused inadequate
mixing of the materials. During immersion, water penetrated
the gaps between the PMS and HDPE and further damaged
their combination. Thus, composites containing PMS lost more
flexural strength and flexural modulus than did the control
composite. For example, the retention rate of the flexural
strength for the specimens with PMS was about 78%, whereas
that for specimens without PMS was about 90% after immer-
sion for 600 h (Figure 3). Similarly, the composite containing
PMS showed a greater reduction in the flexural modulus (reten-
tion rate = 55%—60%) than the composite without PMS (reten-
tion rate = 70%).

When the samples were dried again, the flexural strength and
flexural modulus were partly recovered (Figure 4). The drying
process evaporated moisture in the composite. Dry WF was
stronger than the wet fiber, and the PMS became harder. Thus,
the redried specimens showed significant improvements in flex-
ural strength and flexural modulus compared with the undried
specimens. However, part of the interfacial bond between
HDPE and WF had already been damaged by the swelling and
shrinking of WE Thus, the flexural properties could not be
restored to presubmersion levels.

The addition of PMS decreased the flexural strength and flex-
ural modulus (Figure 4) and increased the impact strength of
the composite (Figure 5). This phenomenon was explained in
our previous work. Round PMS particles behaved like spherical
glass beads in the composite structure (Figure 6) and improved

J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.41655



http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
2.0 -
|| —=— PMS:WF:PE= 0:60:36
1.8 4| —®— PMS:WF:PE=10:50:36
1| —A— PMS:WF:PE=20:40:36
16 9| —y— PMS:WF:PE=30:30:36
2 14
Z |
= 124 & —
S 2 =¥
g 1.0-_ oy
% 08 7 o
£ 06+ /i/
o4 /;/’
044
|
0.2
0.0 T T T T T T
0 100 200 300 400 500 600
Weathering time(h)

Figure 7. Weight loss of the composites after thermotreatment. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

its flow behavior.”>*® Spherical particles became uniformly dis-
tributed and embedded in the HDPE matrix. The spherical
shape was an advantage because it prevented the accumulation
of stress at sharp corners in the fibers. Thus, the impact resist-
ance increased with the addition of PMS. Another possible rea-
son for the improvement was the presence of gaps between the
PMS particles and the HDPE matrix (Figure 6) due to incom-
patibility. These gaps helped absorb energy during shock.

After immersion for 600 h in water, the impact strength of the
composites decreased by 5, 27.7, 52.3, and 54.1% upon the
addition of 0, 10, 20, and 30% PMS, respectively (Figure 5).
Water, which also softened the wood component, contributed
to the absorption of the impact energy. Thus, the impact
strength decreased slightly in the wet state of the composites
with 0-10% PMS. However, the addition of more PMS resulted
in a greater loss of impact strength because less WF and more
PMS (which contributed stiff particles) remained. These changes
decreased the ability of the composites to absorb energy upon
impact. On the other hand, water penetration might have
adversely affected the interbonding between the PMS and
HDPE matrix. This may explain why redried specimens contain-
ing PMS recovered more impact strength than did those with-
out PMS (Figure 5). That is, water that evaporated and left
voids provided better structural resistance to impact. Similar to
the flexural properties, the impact strength could not be
restored to the level before immersion because of the damaged
bonding between HDPE and PMS.

Effect of Thermotreatment on the Composite Properties

Weight Loss of the Composites After Thermotreatment. All
specimens lost part of their weight during the thermal treat-
ment (Figure 7), especially in the first 360 h. The composites
containing 20 and 30% PMS lost less than the composites filled
with 0 and 10% PMS. The smaller weight loss of the WF-PMS—
HDPE composite may have been linked to the lower amounts
of volatile components in the PMS. WF used in the HDPE-
based composites was pulverized from wood chips. The main
components of WF were cellulose, hemicelluloses, lignin, and
small amounts of extractives and water. The evaporation of
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water, extractives, and other small molecules may have contrib-
uted to weight loss in the composites. Thus, a higher WF con-
tent led to a greater weight loss. However, we obtained the PMS
in this study from recycled paper, which had lost almost all of
its lignin and extractives. Small WF in PMS contains mainly cel-
lulose and a small amount of hemicelluloses.

Mechanical Properties of the Composites After Thermotreat-
ment. Specimens without PMS showed a slight increase in the
flexural strength throughout the thermotreatment period (Fig-
ure 8). Wang et al”’ also found that the flexural properties
improved after the heat treatment of rice-husk powder/HDPE
composites for 128 h. A possible explanation for the flexural
strength improvement was that the HDPE molecules rearranged
at high temperature, and this resulted in improved compatibil-
ity with the WF and a gradual release of its internal stress. On
the other hand, the rearrangement of the polymer led to shrink-
age of the composite and an increase in its density.

The flexural strength of the specimens containing PMS
decreased in the first testing stage (120 h). The addition of
greater amounts of PMS caused a greater decrease in the flex-
ural strength. The rearrangement of HDPE molecules at high
temperatures might have led to shrinkage,'® and this resulted in
the separation of HDPE from the stable PMS. This separation
provided more channels for oxygen penetration and created
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Figure 8. Retention of the (a) flexural strength and (b) modulus of the

composites after thermotreatment. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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addition, the further crosslinking of HDPE occurred.”® This
effect was dominant compared with the degradation effect.
Thus, specimens containing PMS showed a recovery trend
through the second testing period (120-360 h). Although ther-
mooxidative degradation occurred at the early stage, degrada-
tion occurred in the induction period and was not dominant.
During thermotreatment, there was a balance between molecu-
lar rearrangement and degradation. Therefore, the flexural
strength of the specimens showed nearly no change after 360 h
when weathering was complete.

The results also show that the flexural moduli of all of the rein-
forced HDPE composite samples decreased significantly after ther-
motreatment. Similar to the flexural strength, the flexural modulus
of the specimens filled with PMS decreased in the first 120 h and
then recovered to a level similar to that of unfilled specimens (Fig-
ure 8). Thus, the addition of WF to HDPE might have increased
stiffness of the composite. However, thermal oxidation for extended
periods damaged the WF and resulted in a greater reduction in the
flexural modulus compared to that of the flexural strength.

After thermotreatment, the composite without PMS or the
composite with a small amount of PMS exhibited an increased
impact strength (Figure 9). This was due to the improved com-
patibility between WF and HDPE. Upon substitution of more
than one-third of WF with PMS, the composites decreased their
impact strength. This loss may have been due to the increased
stiffness that resulted from the hard PMS particles that
remained after thermotreatment. However, this change was not
significant. Thermotreatment had little adverse effects on the
impact strength of the WF-PMS-HDPE composites.

Wavenumbers (cm-1)
Figure 10. FTIR spectra of the surface of the composites before and after
600 h of thermotreatment. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Elemental Analysis of the Composite Surface After Thermo-
treatment.. The O/C weight ratio was taken as an indicator of
surface oxidation. Results show that the total O/C weight ratio
of all of the specimens increased after 600 h of thermal weather-
ing (Table IV). This increase indicated that the sample surface
was oxidized. PMS contains C, O, Al, Si, and Ca, some of which
are mainly present in kaolin (Al,05-2S5i0,-2H,0) and CaCOs.
These components were stable during the thermotreatment and
led to less change in the total O/C weight ratio of the sample
containing PMS compared with that of the sample without
PMS (Table IV).

Figure 10 shows the FTIR spectra of the surface of the extruded
composites. The peak at about 1030 cm ™' was a characteristic
peak and was associated with C—O stretching in cellulose,
hemicellulose, and lignin of WE. The peak at about 1738 cm™'
represented C=O stretching in polysaccharose, which is
involved in degradation via polymer oxidation. The decrease in
the wood index and the increase in carbonyl index may have
indicated degradation of the wood component and polymer
oxidation, respectively.”? The results of the calculations are
listed in Table IV.

Before thermotreatment, the wood index and carbonyl index of
the sample containing 30% PMS were slightly lower than those

Table IV. Carbonyl Indices, Wood Indices, and O/C Ratios on the Surface of Composites Before and After 600 h of Thermotreatment

Carbonyl index (%)

Wood index (%) O/C ratio (%)

Sample formula Oh 600 h
PMS/WF/PE = 0:60:36 3.0 4.0
PMS/WF/PE = 30:30:36 2.9 41

Oh 600 h Oh 600 h
271 23.8 8.4 12.9
25.7 19.7 11.9 16.3
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of the samples without PMS because the former contained less
wood component. However, after thermotreatment for 600 h,
the carbonyl index of the sample filled with 30% PMS increased
and the wood index decreased more significantly than did the
corresponding indices of the control sample. Although the inor-
ganic materials in PMS were stable under the thermotreatment
conditions, the results of the FTIR analysis show that PMS
accelerated the degradation of the WF-HDPE composites dur-
ing thermal oxidation and generated more C=0.

Yang et al*® and Valadez-Gonzdlez et al”® also demonstrated
that HDPE-based composites filled with kaolin or CaCO; were
easily oxidized. On the other hand, PMS-WF-HDPE compo-
sites contained more gaps than did the control samples because
of incompatibility between PMS and HDPE and the dimen-
sional change in HDPE after thermotreatment. Oxygen pene-
trated the gaps, and this resulted in the oxidation of more WFs.

CONCLUSIONS

In this study, we showed that partial substitution of WF with
PMS to produce WE-HDPE composites could enhance the utility
of PMS in dry environments. The addition of PMS to WE-
HDPE composites could decrease their capacity for water absorp-
tion; however, water penetration decreased the flexural properties
and impact strength of the composites. Fortunately, this reduc-
tion in performance could be partially restored after the compo-
sites were redried. After thermotreatment, the composites
containing PMS showed a deterioration in their flexural proper-
ties, whereas the impact strength remained nearly unchanged.
Therefore, WF-PMS-HDPE composites should not be used in
hot, humid environments for extended periods. Furthermore, the
use of thermotreatment to improve the mechanical properties of
the WE-PMS-HDPE composites was problematic.
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