Applied Surface Science 314 (2014) 603-609

journal homepage: www.elsevier.com/locate/apsusc

Applied Surface Science

Contents lists available at ScienceDirect Applied
Surface Science

Mechanical and interfacial properties of poly(vinyl chloride) based
composites reinforced by cassava stillage residue with different

surface treatments

@ CrossMark

Yanjuan Zhang® ", Tao Gan?, Qian Li?, Jianmei Su?, Ye Lin?, Yongzuo Wei?,

Zugiang Huang<*, Mei Yang?

3 School of Chemistry and Chemical Engineering, Guangxi University, Nanning 530004, China

b Guangxi Research Institute of Chemical Industry, Nanning 530001, China

ARTICLE INFO ABSTRACT

Article history:

Received 3 May 2014

Received in revised form 8 July 2014
Accepted 8 July 2014

Available online 17 July 2014

Keywords:

Surface treatment
Plant fiber
Mechanical activation
Composite

Cassava stillage residue (CSR), a kind of agro-industrial plant fiber, was modified by coupling agent (CA),
mechanical activation (MA), and MA-assisted CA (MACA) surface treatments, respectively. The untreated
and different surface treated CSRs were used to prepare plant fibers/polymer composites (PFPC) with
poly(vinyl chloride) (PVC) as polymer matrix, and the properties of these CSR/PVC composites were
compared. Surface treated CSR/PVC composites possessed better mechanical properties, water resis-
tance and dimensional stability compared with the untreated CSR/PVC composite, attributing to the
improvement of interfacial properties between CSR and PVC matrix. MACA-treated CSR was the best
reinforcement among four types of CSRs (untreated, MA-treated, CA-treated, and MACA-treated CSRs)
because MACA treatment led to the significant improvement of dispersion, interfacial adhesion and com-
patibility between CSR and PVC. MACA treatment could be considered as an effective and green method

Mechanical properties
Interfacial properties

for enhancing reinforcement efficiency of plant fibers and the properties of PFPC.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Plant fibers, the most abundant natural biopolymers on earth,
are considered to be an almost inexhaustible source of raw material
for the increasing demand of environmentally friendly and bio-
compatible products [1]. Plant fibers/polymer composites (PFPC),
prepared by thermoplastic polymer matrix reinforced with wood
or other natural fibers, have received great research interest in
recent years because plant fibers have the advantages of low den-
sity, low cost, nontoxicity, wide availability, easy processing, high
specific mechanical properties, and especially the renewability and
biodegradability [2-5]. Currently, the use of agricultural plant fibers
for the production of PFPC has drawn much attention as an alterna-
tive to traditional wood fibers in plant fibers-reinforced composites
[6-9]. Cassava stillage residue (CSR) is the agro-industrial solid
residue generated in the still bottoms following fermentation
and distillation during the production process of cassava-based
bioethanol, and the main component of this residue is plant fiber
[10]. A large amount of CSR is generated every year, and most of
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this residue has not been efficiently used, or is even burned or dis-
carded as waste, resulting in adverse impact on environment. So,
the utilization of CSR as filler material for the production of PFPC can
efficiently increase the added value of CSR and avoid environmental
pollution [7,10].

Actually, the plant fibers as well as CSR exhibit a high
hydrophilicity due to attraction or interaction between the
hydroxyl groups of fiber components and water molecules. The
interactions between fiber and water originate from the non-
crystalline region and extend to the crystalline region [6]. Plant
fibers with strong polarity are not well compatible with non-
polar and hydrophobic polymer matrix and the interfacial tension
between plant fibers and matrix is quite high, leading to weak
fiber-matrix interfacial adhesion and poor mechanical proper-
ties of the composites [11-13]. In addition, for simple premixed
composites, plant fibers have a tendency to form aggregates
and separate from the thermoplastic polymers during processing,
which provides a poor dispersion of these fibers in matrix and the
inhomogeneity of blends, leading to a potential reduction as rein-
forcement for polymers [9,14,15]. The interfacial adhesion between
plant fibers and matrix can be improved by surface modifica-
tion of fibers, including heat treatment, plasma treatment, corona
treatment, alkaline treatment, esterification, etherification, graft
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copolymerization, coupling agent (CA) treatment, and their combi-
nation treatments [11,16-22]. Among these methods, CA treatment
is considered as a simple and effective method for increasing the
interfacial interactions and compatibility between plant fibers and
matrix and improving the properties of the composites [23-25].
However, the contact between CA and plant fibers is poor under
solid phase conditions because of the highly-ordered and recalci-
trant structure of cellulose-hemicellulose-lignin complex and high
crystallinity of cellulose in plant fibers [26]. In order to improve the
accessibility of plant fibers to CA, it is necessary to adopt assisted
means for surface modification of plant fibers.

Mechanical activation (MA), which refers to the use of mechani-
cal actions to change the crystalline structure and physicochemical
properties of the solids carried out by high-energy milling, is con-
sidered as a simple, effective, and environmentally friendly method
for the pretreatment of solid materials attributing to the use of sim-
ple and cheap equipment and the operations without the use of
solvents, intermediate fusion, etc. [27-29]. The destruction of sta-
ble hydrogen bond and crystalline structure induced by MA can
efficiently enhance the accessibility and reactivity of plant fibers
[30]. Moreover, MA can enhance the dispersion and contact area of
plant fibers in thermoplastic matrix due to the size reduction and
the split of compact fiber bundles [31]. Herein, we report the MA-
assisted CA (MACA) treatment for the surface modification of CSR,
and the modified CSR was used as reinforcement for the prepa-
ration of PFPC with poly(vinyl chloride) (PVC) as thermoplastic
matrix by hot pressing technology. Furthermore, the mechanical
and interfacial properties of the PVC composites reinforced with
untreated, MA-treated and CA-treated CSRs were also investigated
and compared with those of MACA-treated CSR/PVC composite.

2. Materials and methods
2.1. Materials

Cassava stillage residue (CSR) was kindly supplied by Guangxi
State Farms Minyang Biochemical Group, INC., China. The cut
CSR was comminuted and screened to prepare 40-60 mesh size
(0.25-0.38 mm) particles. The comminuted CSR was then oven-
dried at 105 °C for 4 h (moisture content < 3%) before use. The dried
CSR was uniformly mixed with 5% w/w calcium carbonate (weight
percent compared to CSR) that had been treated by 30% w/w
stearic acid (weight percent compared to calcium carbonate) to
improve the flowability of CSR, and this mixed CSR was designated
as untreated CSR. PVC was obtained from Nanning Chemical Co.,
Ltd., China, and was used as polymer matrix. Aluminate coupling
agent (ACA, DL-411-A)was purchased from Nanjing Unite Chemical
Co., Ltd., China. All other chemical reagents were of analytical grade
without further purification and were obtained commercially.

2.2. Surface treatments of CSR

The MACA surface treatment of CSR was carried out in a cus-
tomized stirring ball mill driven by a commercially available drill
press equipped with a speed-tuned motor [32]. A fixed amount of
milling balls (300 mL, 6 mm diameter) was first added into a jack-
eted stainless steel chamber (1200 mL), and then 40.0g of CSR,04 g
of ACA were added into the chamber. The mixture was subjected to
milling at the speed of 375 rpm at a constant temperature of 80 °C.
The balls were removed after the sample was milled for 25 min,
then the chamber and milling balls were thoroughly cleaned and
dried before the next milling experiment. The resulting sample was
oven-dried at 105 °C for 2 h and then sealed for standby.

MA treatment of CSR was operated the same way as in MACA
treatment, except for the non-addition of ACA.

CA treatment of CSR was performed in a GF-1100 high-speed
mixer (Laizhou Huarun Chemical Machinery Factory, China). The
CSRwas first added to the high-speed mixer and stirred while grad-
ually increasing the temperature. When the temperature reached
80°C, 1% w/w ACA (weight percent compared to CSR) was added
and the modification of CSR was carried out for 25 min under high-
speed stirring at the speed of 1000 rpm. The CA-treated CSR was
oven dried at 105 °C for 2 h and then sealed for standby.

2.3. Preparation of CSR/PVC composites

For each composite preparation experiment, PVC and 1% w/w
Ca-Zn composite heat stabilizer (weight percent compared to the
total weight of CSR and PVC) were first added in the GF-1100 high-
speed mixer to mix uniformly, and then the CSR sample (50 wt.%,
weight percent compared to the total weight of CSR and PVC) was
added in the mixer. After thorough mixing, the compound was
removed from the mixer. The resulting mixture was compression-
molded in an XLB25-D plate vulcanizing press (Huzhou Xingli Corp.,
China) to produce the composite specimens in a preheated press at
190°C under a pressure of 6 MPa for 12 min.

2.4. Mechanical properties of the composites

The stress—strain properties of the composites were measured
by an Instron DNS-100 universal testing machine (Changchun Test-
ing Machine Research Institute, China). The flexural strength was
measured at a crosshead speed of 2.0 mm/min according to ASTM
D790, and the tensile strength was measured at a crosshead speed
of 5.0 mm/min according to ASTM D638 [33]. All these tests were
performed at room temperature.

2.5. Scanning electron microscopy (SEM) analysis

Morphologies of fracture surfaces of the composite specimens
were performed using an S-3400N scanning electron microscope
(Hitachi, Japan). The samples were fixed on a sample bench using
double-sided tape, and then a thin layer of gold was coated on
the samples prior to measurement to improve the conductivity.
SEM micrographs with different magnifications were obtained to
observe the surface morphologies of different composites.

2.6. Water immersion test

Water absorption of the composites was determined following
ASTM D570 [11]. The dried composite specimens were immersed
in deionized water and maintained at 20°C for 24 h. The water
absorption (W, ) was represented as follows:

(W — W)
Wo

Wy = x 100% (1)
where W is the initial weight of dried composite specimens and
W, is the wet weight of the composites immersed in water for 24 h.

The dimensional changes of the composites were measured by
comparing the length, width and height of each specimen before
and after water immersion. The changes for length (L. ), width (W)
and height (H.) were given by:

L= Le=lLo | 100% (3)
0
We =Y =Wo  100% (4)
0
He = He=Ho | 100% (5)
Ho
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Fig. 1. Flexural strength of the composites: (A) untreated CSR/PVC composite, (B)
MA-treated CSR/PVC composite, (C) CA-treated CSR/PVC composite, and (D) MACA-
treated CSR/PVC composite.

where Ly, Wy, and Hy are the initial length, width, and height of the
dried composite specimens, respectively, and L;, W;, and H; are the
length, width, and height of the wet composites immersed in water
for 24 h, respectively.

Thus, the percentage hygroscopic dimensional change (volu-
metric change, V) could be calculated by the following equations
[34]:

_ L We Hc o
VC—((‘I“FW) (1—‘"@) (1+ﬁ)—])X100£ (6)

In addition, the flexural and tensile strength of the soaked
composites were also measured to investigate the effect of water
immersion on the mechanical properties of the composites.

2.7. Statistical analysis

All tests were replicated three times, and the results were cal-
culated and analyzed by Microsoft Excel (2007). The curves were
obtained by drawing with using OriginPro 7.5.

3. Results and discussion
3.1. Mechanical properties of the composites

In most composites, effective wetting and uniform dispersion
of all components in a given matrix and strong interfacial adhe-
sion between the phases are required to obtain a composite with
satisfactory mechanical properties[17,35]. For the plant fibers rein-
forced composites, mechanical properties can directly reflect the
interfacial properties between thermoplastic matrix and fibers [11].
PVC possesses good mechanical properties (the flexural and tensile
strength of pure PVC used in this study were 91 and 53 MPa, respec-
tively), but the inherent defects such as poor thermal stability,
aging resistance and processing performance limit its application
in many fields. The use of plant fibers as reinforcement can over-
come these disadvantages of PVC, but poor interfacial interaction
between hydrophilic plant fibers and hydrophobic PVC can lead
to the decrease in mechanical properties. So, surface treatment
is necessary to improve the interfacial properties between CSR
and PVC matrix, resulting in the enhancement of the properties of
CSR/PVC composites [36-38]. The effect of surface treatment of CSR
on the flexural strength of the composites is given in Fig. 1, which
shows that the flexural strength of the composites reinforced by
MA-treated, CA-treated and MACA-treated CSRs increased by 6.1%,
13.2% and 29.3% in comparison with that of the untreated CSR rein-
forced composite, respectively. Correspondingly, Fig. 2 presents the
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Fig. 2. Tensile strength of the composites: (A) untreated CSR/PVC composite, (B)
MA-treated CSR/PVC composite, (C) CA-treated CSR/PVC composite, and (D) MACA-
treated CSR/PVC composite.

effect of surface treatment of CSR on the tensile strength of the
composites, showing that the tensile strength of MA-treated, CA-
treated and MACA-treated CSRs reinforced composites increased
by 3.7%, 6.9% and 41.1% compared to that of the untreated CSR
reinforced composite, respectively. These indicate that MA and CA
treatments had a positive effect on the mechanical properties of
the composites, and MACA treatment significantly improved the
mechanical properties of the composites.

MA could induce the decrease in particle size and ordered struc-
ture, increase in specific surface area, and split of fiber bundles,
which helped to improve the dispersion of CSR in PVC matrix and
the penetration of PVC in CSR and thus enhanced the interfacial
bonding [31]. So, the slight increment in mechanical properties
of the MA-treated CSR/PVC composite was just attributed to the
structural changes of CSR induced by ball milling. Generally, CA is
used for the surface modification of plant fibers in composite appli-
cations. For the modification of CSR using ACA, the condensation
reaction between ACA and hydroxyl groups of the CSR fibers is illus-
trated in Fig. 3. The hydrophobicity of plant fibers would increase
and hence improve the compatibility between the fibers and ther-
moplastic matrix [36,39,40]. However, the recalcitrant structure of
cellulose-hemicellulose-lignin complex and high crystallinity of
cellulose in CSR make ACA difficult to fully contact and react with
CSR, and common CA treatment is unlikely to obtain good surface
modification of CSR. Therefore, the mechanical properties of the CA-
treated CSR reinforced composite were enhanced in comparison
with the untreated CSR reinforced composite, but the increment
was not satisfactory. When subjected to intense milling, the strong
hydrogen bonding and stable crystalline structure of CSR can be sig-
nificantly destroyed, leading to the increase of activated hydroxyl
groups in CSR. As a result, the condensation reaction between ACA
and CSR could efficiently take place with combining MA and CA
modification in the same equipment, leading to better hydropho-
bicity of CSR and improving the compatibility between CSR and
PVC matrix. In addition, the structural changes of CSR were also
induced by MA, contributing to the increase of the effective contact
area between CSR and matrix. These can improve the interfacial
adhesion and mechanical interlocking bonds between CSR and
PVC, which make it feasible for stress transfer to take place from
the thermoplastic matrix to the CSR, resulting in the increase of
the mechanical properties of the composites [41]. Therefore, the
MACA-treated CSR/PVC composite possessed the best mechanical
properties among the composites reinforced by these three surface
treatments of CSR.



606 Y. Zhang et al. / Applied Surface Science 314 (2014) 603-609

(OCORY),,

(OCORY),

Heat

| |
(C3H,0),— Al— (OCOR?),(OAB), + CSR-OH ——» CSR-O— A] — (OCOR?),(OAB), +x C;H,0H

(R stands for alkyl or allyl; m+n+x=3; y=0~2)

Fig. 3. Condensation reaction between ACA and CSR fibers.

Table 1
Water absorption and dimensional changes of the composites reinforced by
untreated and different surface treated CSRs.

Sample Water absorpton?® Dimensional
(%) change® (%)
Untreated CSR/PVC composite 3.58 + 0.06 2.43 +£0.03
MA-treated CSR/PVC composite 3.15 £ 0.04 1.67 + 0.06
CA-treated CSR/PVC composite 2.68 + 0.02 0.89 + 0.03
MACA-treated CSR/PVC composite 0.84 £ 0.02 0.02 + 0.00

2 Data represent the mean =+ standard deviation.

3.2. Fracture morphologies of the composites

As shown in Fig. 4, SEM was used to examine the fracture sur-
faces of CSR/PVC composites and directly observe the dispersion
and interface bonding of CSRs in the PVC matrix. The SEM images
of untreated CSR/PVC composite in Fig. 4al and a2 show rough
fracture surface and many gaps between CSR and PVC. This poor
adhesion is due to the formation of hydrogen bonds between CSRs
as well as large difference in surface energies between CSR and PVC
matrix. After MA treatment, the structural changes of CSR could
help to spread out the CSR particles uniformly in the matrix, lead-
ing to the improvement of mechanical interlocking bonds between
plant fibers and polymer matrix (Fig. 4b1 and b2). However, the
interfacial bonding and wettability were also poor because of the
strong hydrophilicity of CSR, and MA treatment could not enhance
the compatibility between CSR and PVC matrix. As can be observed
from the fracture surface of CA-treated CSR/PVC composite in
Fig. 4c1 and c2, the interfacial adhesion between CSR fibers and
matrix is better than untreated CSR/PVC composite, ascribing to
the increase in hydrophobicity of CSR by CA modification. But the
fibers were pulled out from the matrix, which gave rise to the holes
in composite and the aggregation of some fibers, leading to poor
distribution of CSR in matrix. As shown in Fig. 4d1 and d2, the frac-
ture surface of the composite reinforced by MACA-treated CSR is
compact and smooth with little gaps, and the fiber-matrix interface
is indistinct, indicating the better compatibility between CSR and
PVC matrix attributed to the increase in the hydrophobicity of CSR
by MACA treatment. In addition, the destruction of the compact and
stable structure of CSR led to the enhancement of the dispersion of
CSR in PVC matrix, which thus improved the interfacial adhesion
between fibers and polymer matrix. Undoubtedly, the significant
increase of compatibility and interfacial adhesion between fillers
and matrix induced by MACA treatment could effectively improve
the properties of NFPC.

3.3. Water absorption and dimensional changes of the composites

The water absorption of the composites reinforced by untreated
and different surface treated CSRs and the corresponding dimen-
sional changes of the composites are shown in Table 1. Without
any treatment of CSR, the interaction and wettability between CSR
and PVC matrix were poor. Such features created some defects
and cracks in which more water could penetrate and fill the voids
left by the non-wetted fibers in the untreated CSR/PVC compos-
ite, and the dimensional change was obvious. After MA treatment,
the destruction of CSR structure improved the dispersion of CSR in

PVC matrix and penetration of PVC in CSR, leading to the enhance-
ment of the mechanical interlocking bonds and interfacial adhesion
between CSR and PVC and the reduction of defects and cracks in
composite, which thus decreased the water absorption capabil-
ity and increased the dimensional stability of MA-treated CSR/PVC
composite. The decrease in water absorption and dimensional
change of CA-treated CSR/PVC composite demonstrates that the
CSR treated by CA improved the water resistance and dimensional
stability of the composite. CSR surface nature was modified from
hydrophilic to hydrophobic with CA treatment for better perfor-
mance of the water resistance, which increased the compatibility
and interfacial bonding between CSR and PVC matrix, leading to
the improvement of the dimensional stability of the composite.
For MACA-treated CSR, the destruction of highly-ordered and tight
crystalline structure of CSR induced by MA resulted in the increase
of amorphous phase and activated free OH groups, which made CSR
more accessible to CA and improved the coupling reaction between
ACA and hydroxyl groups of the CSR fibers. This coupling reac-
tion led to the increase in hydrophobicity of CSR and improved
the compatibility between CSR and PVC matrix, and MA could also
result in the increase of effective surface area, fiber dispersion
and interfacial adhesion. As expected, the MACA-treated CSR/PVC
composite possessed the best water resistance and dimensional
stability.

3.4. Mechanical properties of the composites after water
immersion

Flexural strength is the ability of the material to withstand
bending forces applied perpendicularly to its longitudinal axis. The
stresses induced due to the flexural load are a combination of com-
pressive and tensile stresses [6]. Higher flexural strength of the
fibers-reinforced composites is due to the better interfacial inter-
action and adhesion between fibers and matrix [40]. Therefore,
flexural strength was a critical index for investigating the effect
of water immersion on the mechanical properties of the CSR/PVC
composites. The flexural strength of untreated and different treated
CSR/PVC composites before and after water immersion is illus-
trated in Fig. 5. After water immersion, the flexural strength of
the composites reinforced by untreated, MA-treated, CA-treated
and MACA-treated CSRs decreased by 46.9%, 14.8%, 6.8% and 0.5%
compared with that of the composites before water immersion,
respectively. Moreover, the tensile strength of the soaked com-
posites was also measured, which is presented in Fig. 6. It shows
that the tensile strength of untreated, MA-treated, CA-treated and
MACA-treated CSRs reinforced composites decreased by 40.4%,
20.3%,12.0% and 1.2% compared with that of the composites before
water immersion, respectively. The changes in flexural and ten-
sile strength of the composites before and after water immersion
are consistent with the results of water absorption and dimen-
sional changes. The results show that water could easily enter
into the interior of the composite with poor interaction between
fiber and matrix, leading to sharp decrease in flexural and tensile
strength of the untreated CSR/PVC composite after water immer-
sion. MA and CA treatments of CSR improved the interfacial bonding
between CSR and matrix, and water did not easily enter into the
composites, so the reduction of flexural and tensile strength of
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Fig. 4. SEM micrographs of the composites: (a1, a2) untreated CSR/PVC composite, (b1, b2) MA-treated CSR/PVC composite, (c1, c2) CA-treated CSR/PVC composite, and (d1,

d2) MACA-treated CSR/PVC composite.

MA-treated or CA-treated CSR/PVC composite was less than that
of the untreated CSR/PVC composite. In addition, CA treatment
increased the hydrophobicity of CSR, which avoided the attrac-
tion and interaction between the hydroxyl groups of CSR and
water molecules, leading to better water resistance of CA-treated
CSR/PVC composite. As a result, the decrease of flexural and ten-
sile strength of CA-treated CSR/PVC composite was less than that
of MA-treated CSR/PVC composite. Undoubtedly, MACA treatment

of CSR significantly increased the interfacial adhesion and compat-
ibility between fibers and matrix, and it was difficult for water to
enter into the composite, which in turn resulted in higher resis-
tance to deflection and better efficiency for energy transfer [42].
So, there were almost no changes in flexural and tensile strength of
MACA-treated CSR/PVC composite before and after water immer-
sion, indicating an excellent performance in mechanical properties
and water resistance.
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Fig. 5. Flexural strength of the composites before and after water immersion: (A)
untreated CSR/PVC composite, (B) MA-treated CSR/PVC composite, (C) CA-treated
CSR/PVC composite, and (D) MACA-treated CSR/PVC composite.

25
[ Before water immersion
I [__]After water immersion {
© 20
o
2
N L
= e
()]
S 151 [
»
Q@ L
%)
&
~ 10+
5

A B C D

Fig. 6. Tensile strength of the composites before and after water immersion: (A)
untreated CSR/PVC composite, (B) MA-treated CSR/PVC composite, (C) CA-treated
CSR/PVC composite, and (D) MACA-treated CSR/PVC composite.

4. Conclusion

The influence of different surface treatments of plant fibers
on the mechanical and interfacial properties of PFPC has been
studied. Four types of CSRs (untreated, MA-treated, CA-treated,
and MACA-treated CSRs) were used to reinforced the PVC-based
composites. It was demonstrated that surface treatments of CSR
had a positive effect on enhancing the properties of the compos-
ites. MA treatment destroyed the compact and stable structure
of CSR, resulting in the improvement of the dispersion of CSR
in PVC matrix and the penetration of PVC in CSR, which could
enhance the mechanical interlocking bonds and interfacial adhe-
sion between fibers and polymer matrix. For CA treatment, the
condensation reaction between ACA and CSR fibers increased the
hydrophobicity of CSR, which thus enhanced the compatibility and
interfacial bonding between CSR and PVC matrix. MACA treatment
changed the structure of CSR and enhanced the coupling reaction,
leading to the significant increase of dispersion, interfacial inter-
action and compatibility between CSR and PVC matrix. Therefore,
the improvement of interfacial properties between CSR and PVC
matrix induced by surface treatments enhanced the mechanical
properties, water resistance and dimensional stability of the com-
posites, and MACA-treated CSR/PVC composite possessed the best
properties compared with the composites reinforced by untreated,
MA-treated and CA-treated CSRs. This study suggested that MACA
treatment was an efficient and environmentally friendly method

for enhancing reinforcement efficiency of plant fibers and the prop-
erties of PFPC.
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