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Abstract Wood polymer nanocomposite (WPC) was prepared by solution
blending of high density polyethylene, low density polyethylene, polypropylene and
polyvinyl chloride (1:1:1:0.5) with wood flour and nanoclay. Xylene and tetrahy-
drofuran were used as solvent and the ratio was optimized at 70:30. TEM study
revealed better dispersion of silicate layers in WPC loaded with 3 wt% of clay.
WPC loaded with 3 wt% nanoclay exhibited higher thermal stability compared to
WPC loaded with 1 and 5 wt% clay. The storage and loss modulus were found to
enhance on incorporation of clay to WPC. The damping peak was found to be
lowered by the addition of clay to WPC. Limiting oxygen index value increased due
to incorporation of nanoclay. WPCs were subjected to exposure to cellulase pro-
ducing Bacillus sp. and it showed the growth of bacteria as revealed by SEM study.
Mechanical properties of WPC decreased due to degradation by bacteria. Water
vapour uptake of WPC decreased due to addition of nanoclay.

Keywords Nanocomposites - Wood - Polymers - Thermostability -
Biodegradability

Introduction

Polymer is playing an important role in the field of composite. It is used in all class
of materials from household items to different exterior products. They are widely
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used because of their versatile properties, light weight, resistance to breakage, low
cost, ease of manufacture, fabrication and shaping. Moreover, they can be also used
widely with other materials to improve various properties.

Amongst the different types of plastics, high density polyethylene (HDPE), low
density polyethylene (LDPE), polypropylene (PP) and polyvinyl chloride (PVC) are
mostly used in industries. After use, the throwing of plastic materials here and there
in the form of carry bags, boxes, packaging film causes a serious threat to the
environment. Recycling and reusing is one of the processes to reduce this
environmental pollution problem. One of the fundamental goals of recycling is to
improve different properties of the recycled plastics [1]. The properties can be
improved substantially if composites are made by combining these waste materials
with cellulosic materials.

Solution blending is one of the processes to mix varieties of plastic materials. The
efficiency of the solution blending process for mixing different kind of plastics can
be enhanced by the use of a mixture of solvents. The percentage of individual
polymer in the blend as well as their physical characteristics is needed to optimise
the solvent ratio. Waste plastic materials contain substantial amount of HDPE,
LDPE, PP and lesser amount of PVC, PET etc. It is difficult to segregate different
kinds of plastics. The optimization of solvent ratio can be determined properly if a
mixture of known percentage of virgin HDPE, LDPE, PP, PVC etc. is used as
starting waste plastic materials.

Solution blending involves the use of solvents which are not eco-friendly. Melt
blending suffers from some disadvantages like stress development, temperature etc.
[2]. A high level of intercalation with partial exfoliation has been obtained for
organoclays/LLDPE composites prepared by solution blending [3] whereas
microcomposites have been formed when LLDPE is melt blended with organically
modified clay [4]. Chiu et al. [5] observed a well dispersion of silicate layers when
they studied PP/clay composite by solution blending method.

Wood is used as a source of natural filler in wood polymer composites. It acts as a
reinforcing agent in the polymer matrix. Wood flour (WF) has been treated with
HDPE and nylon 6 to prepare composite [6]. Lei et al. [7] has prepared wood
plastics composites based on HDPE/PET matrix and noticed a remarkable
enhancement of mechanical properties. But most of reports address the use of
conventional wood material as a source of cellulosic materials. The nonconven-
tional plant materials like Nal (Phragmites karka), Kalmou (Ipomoea carniva) etc.
are abundantly available in forests of Assam. They remain as bio-wastes. These non
conventional plant materials can be made value added by making composites with
plastic materials.

In order to make composite, the improvement in miscibility amongst plastic
materials as well as with wood fillers is very important. The miscibility can be
improved by the use of a suitable compatibilizer. The compatibilizer will be such
that it can able to react with the hydrophilic wood fillers and hydrophobic polymers
and at the same time will improve the interfacial adhesion amongst different
thermoplastic materials. The use of maleated coupling agents to strengthen
composites containing filler is reported in the literature [8]. Maji et al. [9] has
used glycidyl methacrylate as compatibilizer and found a significant improvement
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in properties of wood polymer composites. Luyt et al. [10] has studied the effect of
poly(ethylene-co-glycidyl methacrylate) content on the morphology and physical
properties of ethylene vinyl acetate-wood fibre composite and found an improve-
ment of the properties.

It is well documented that the incorporation of clay as reinforcing filler in
polymer matrix improves different physical and chemical properties. Organoclay
has been used as nanosized filler [11] to improve the performance of wood/PP
composite. PP/clay nanocomposites has been synthesized and found to improve
the mechanical and thermal properties [12]. The available reports provide
information mostly by making composites with wood and single variety of
polymer. Little information regarding the use of more than one variety of polymer
for making composite is available. Thus, there is enough scope to do further study
in this area.

The object of this investigation is to prepare the nanocomposites using WF,
PE-co-GMA, nanoclay, polymer mixture (HDPE + LDPE + PP 4 PVC) by
solution blending and study the various properties of the nanocomposites. Waste
plastics comprise of higher amount of HDPE, LDPE, PP and lower amount of
PS, PVC, PET etc. On the basis of the presence of individual polymers in waste
plastics, the ratio of HDPE, LDPE, PP and PVC is chosen as 1:1:1:0.5 for our
investigation.

Experimental
Materials

The HDPE and LDPE (Grade: PE/20/TK/CN) were supplied by Plast Alloys India
Ltd. (Harayana, India). PP homopolymer (Grade: H110MA, MFI 11 g/10 min) and
PVC (Grade: SPVC FS: 6701) were procured from Reliance Industries Ltd.
(Mumbai, India) and Finolex Industries Ltd. (Pune, India). The compatibilizer,
poly(ethylene-co-glycidyl methacrylate) (PE-co-GMA) was purchased from Otto
chemicals (Mumbali, India). Nanomer (clay modified by 15-35 wt% octadecylamine
and 0.5-5 wt% aminopropyltriethoxy silane) was obtained from Sigma-Aldrich
(USA). These chemicals were used as such received. Nal (Phragmites karka), a
nonconventional wood was collected from local forest of Assam. Other reagents
used were of analytical grade.

Preparation of wood samples

Nals (Phragmites karka) were collected from the forest and chopped into small
strips. These were initially washed with 1% soap solution. It was followed by
washing with 1% NaOH solution and finally with cold water. The washed wood
strips were oven dried at 105 £ 5 °C till attainment of constant weight. These dried
wood strips were grinded in a mixer, sieved and kept in a container for subsequent
use.
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Preparation of wood polymer nanocomposite (WPC)

Six grams of each HDPE, LDPE and PP (1:1:1) granules were added slowly to
105 mL of xylene taken in a flask fitted with a spiral condenser at room
temperature. This was followed by the addition of the PE-co-GMA (5 wt%). The
temperature of the flask was then increased gradually to 130 °C to make a
homogenous solution. Now, another solution containing 3 g of PVC in 35 mL of
tetrahydrofuran (THF) was prepared. The temperature of the flask containing
polymer solution was decreased from 130 to 120 °C. The PVC solution was then
mixed with the polymer solution at 120 °C (approximately) under stirring
condition for 1 h. A known quantity of nanomer (1-5 wt%) was dispersed in THF
solution (10 mL) by sonication. This dispersed clay-THF mixture was added
gradually to the polymer solution under stirring condition. Oven-dried WF
(40 wt%) was added slowly to this clay—polymer solution. The whole mixture was
stirred for another 1 h. The mixture was then transferred in tray, dried and
grinded. The composite sheets were obtained by using grinded WF-polymer
powder and employing compression moulding press (Santec, New Delhi) at
150 °C under a pressure of 80 MPa. The abbreviation used for samples are listed
in Table 1.

Bacterial media

Mineral salt medium with the following composition was prepared for bacterial
growth. 4.75 g KH,PO,, 2.0 g Na,HPO,, 2.0 g (NH4),SO,, 1.2 g MgS0,-7H,0,
100 mg MnSO4-5H,0, 100 mg CuSO47H,O, 70 mg ZnSO4 7H,O, 10 mg
H3;BO3-5H,0, 10 mg MoO;, 1 mg FeSO47H,0O and 0.5 mg CaCl,-2H,O were
dissolved in 1000 mL of demineralised water. 3 mL of this liquid culture medium
was poured into 50 mL conical test tube and were sterilized using autoclave at
121 °C and 15 1bf pressure for 15 min. The autoclaved media were then allowed to
cool down to room temperature and WPC samples were added into the media under
sterile condition inside a laminar air flow hood. Media containing only polymer
samples were also cultured as negative control.

Table 1 Formulation of mixture of samples and their codes

Samples formulation Code

PB (HDPE + LDPE + PP + PVC) PB

PB/5 wt% PE-co-GMA PB/G5

PB/5 wt% PE-co-GMA/3 wt% clay PB/G5/N3
PB/5 wt% PE-co-GMA/40 wt% wood PB/G5/W40
PB/5 wt% PE-co-GMA/40 wt% wood/1 wt% clay PB/G5/W40/N1
PB/5 wt% PE-co-GMA/40 wt% wood/3 wt% clay PB/G5/W40/N3
PB/5 wt% PE-co-GMA/40 wt% wood/5 wt% clay PB/G5/W40/N5
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Bacterial strains

Bacillus sp. Cd-3 culture was grown using nutrient broth at 37 °C for 18 h. 1 mL of
bacterial cultures were centrifuged at 6000 rpm for 20 min at room temperature and
the pellets were washed with 0.9% NaCl and re-suspended in 1 mL of mineral salt
medium. Now 0.5 mL of the culture medium containing 1 x 10%/mL microbes was
inoculated to the test tube containing 50 mL media for each test. The test tubes were
then incubated under sterile condition at 37 °C and 100 rpm for the degradation
study.

Measurements
Transmission electron microscopy (TEM)

The dispersion of the silicate layers of nanoclay in WPCs were performed by using
TEM (JEM-100 CX II) at an accelerated voltage of 20-100 kV.

Thermal property

Thermal properties of neat polymer and the wood/polymer/clay composites were
measured in a thermogravimetric analyser (TGA) (TGA-50, shimadzu) at a heating
rate of 10 °C/min up to 600 °C under nitrogen atmosphere.

Dynamic mechanical analysis (DMA)

The DMA was performed using an Universal 2980 DMA V1.7B TA instrument.
The dimensions of specimens were taken as (5 x 1.25 x 0.35) cm?’. Specimens
were scanned over a temperature range of 25-200 °C. Frequency of the oscillation
was fixed at 1 Hz ramped at 2 °C/min to 200 °C. Storage modulus, loss modulus
and mechanical loss factor (tan ¢) were recorded and plotted against temperature.

Limiting oxygen index (LOI)

The LOI is defined as the minimum concentration of oxygen, expressed in percent
volume, in a flowing mixture of oxygen and nitrogen that will support combustion
of a material initially at room temperature. It was measured by flammability tester
(S.C. Dey Co., Kolkata) according to ASTM D-2863 method. The sample was
placed vertically in the sample holder of the LOI apparatus. The total volume of the
gas mixture (N, + O,) was kept fixed at 18 cc. To begin with experiment, the
volume of nitrogen gas and that of oxygen gas were kept initially at a maximum and
minimum level. Now, the volume of nitrogen gas was decreased and that of oxygen
gas was increased gradually. However, the total volume of gas mixture was kept
fixed at 18 cc during the experiment. The ratio of nitrogen and oxygen at which the
sample continued to burn for at least 30 s was recorded.
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Limiting oxygen index = volume of O,/ volume of (O, + N,) x 100.

Biodegradation study

The microbial degradation was studied spectrophotometrically by using UV visible
spectrophotometer (CECIL CE7400) at 600 nm against blank culture media under
sterile condition.

Scanning electron microscopy (SEM)

The morphological features and bacterial growth of the WPCs were studied by using
SEM (JEOL JSM-6390LV) at an accelerated voltage of 5-10 kV. Fractured surface
of the samples, deposited on a brass holder and sputtered with platinum, were used
for this study.

Mechanical property

The tensile and flexural tests for biodegraded WPC samples were carried out
using Universal Testing Machine (Zwick, model Z010) at a crosshead speed of
10 mm/min at room temperature according to ASTM D-638 and D-790, respectively.
Three samples of each specimen were tested and the average values were reported.

Water vapour uptake test

The WPC samples were cut into (2.5 x 0.5 x 2.5) cm® for the measurement of
water vapour uptake test. The samples were oven dried and conditioned at room
temperature (30 °C) and 30% relative humidity before the test. The test was carried
out by placing the samples at two different relative humidities namely 95 and 65%
and maintaining a temperature of 30 °C. Weights of the sample were measured after
12, 24, 36, 48, 60 and 72 h. The experiment was carried out at different time
interval. It is expressed as a percentage of moisture absorbed based on oven dry
weight.

Water vapour uptake (%) = (W, — W,)/W, x 100

where W, is the weight of the specimen after exposure to humidity and W, is the
weight of oven dried specimen.

Results and discussion

The HDPE, LDPE, PP and PVC were mixed at the ratio of 1:1:1:0.5 to optimize the
solvent ratio. From the investigation, it was observed that xylene was a good solvent
for HDPE, LDPE and PP whereas THF was a good solvent for PVC. None of these
solvent alone could solubilise the mixture of HDPE, LDPE, PP and PVC (1:1:1:0.5).
The solubility of the polymer mixture was checked by varying the ratio of xylene
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and THF. The optimum ratio of solvent (xylene:THF) and minimum temperature at
which a homogeneous solution was obtained were 70:30 and 120 °C, respectively.

TEM results

The TEM micrographs of WPC loaded with different percentage of nanomer
content are represented in Fig. 1. The dark lines observed in the figure represent the
silicate layers present in the composite. At lower level of nanomer (1 wt%) loading
(Fig. 1a), a well dispersion of silicate layers in the WPC was observed. The
dispersion of clay layers improved up to the addition of 3 wt% of nanomer (Fig. 2b)
to the composite. However, at higher level of loading (5 wt%), the silicate layers of
clay became to agglomerated (Fig. 2c). Similar dispersion of nanoclay was
observed by Faruk and Matuana [13] whilst studying the dispersion of nanoclay in
HDPE/wood matrix.

(a) PRI i.(b_l_

50 nm 4 50 nm
| — ~ = N —

Fig. 1 TEM micrograph of (a) PB/G5/W40/N1, (b) PB/G5/W40/N3 and (c) PB/G5/W40/N5
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Fig. 2 Themogravimetric curves of (@) WF and (b) nanoclay
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TGA study

Figures 2 and 3 show the weight losses for WF, nanoclay, polymer blend (PB) and
WPC. Table 2 shows the initial decomposition temperature (7;), maximum
pyrolysis temperature (7},), weight losses for various samples at different
temperature (7p) and residual weight (RW%) for different samples. 7; value of
nanomer was found maximum. This was followed by PB and WF. T; value of PB
improved on addition of PE-co-GMA and WF. The values were found to enhance
further when nanomer was added. 7; value increased up to addition of 3 wt% clay
beyond that it decreased. T, values observed for WF was due to the depolymer-
isation of hemicelluloses, glycidyl linkage and thermal decomposition of cellulose
[14]. The first decomposition peak shown by the PB might be due to the
dehydrochlorination of PVC [15], whilst the second decomposition peak was due to
the decomposition of LDPE, HDPE and PP [16, 17]. T, value of PB enhanced due
to incorporation of PE-co-GMA and WF. T, value increased further when nanomer
was added. The value increased up to addition of 3 wt% nanomer beyond that it
decreased. Nanomer showed highest RW values whilst the PB showed lowest RW
values. The trend of RW values of clay-treated WPC was similar to those of T;
values. The RW values observed for nanomer and WF were due to the presence of
inorganic silicate layer and carbonization of wood, respectively.

Further it was observed from the Table 2 that PB decomposed at higher
temperature compared to WF. T, values increased on addition of WF and PE-co-
GMA to the PB. This might be due to the enhancement of interaction caused by the
increase in interfacial adhesion between WF and PB by PE-co-GMA through its
glycidyl group and polyethylene chain. A possible reaction mechanism of PE-co-
GMA with wood and polymer is represented by Scheme 1. Awal et al. [18] reported
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Fig. 3 Themogravimetric curves of (@) PB, (b) PB/G5/W40, (c) PB/G5/W40/N1, (d) PB/G5/W40/N5

and (e) PB/G5/W40/N3
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Table 2 Thermal analysis of wood, PB and WPC

Sample T; T 7& Temperature of decomposition (7p) in °C at  RW% at 600 °C
different weight loss (%)
20% 40% 60% 80%
WF 230 315 - 282 320 352 - 21.9
Nanomer 294 352 - 514 - - - 76.0
PB 251 272 407 297 385 441 470 6.1
PB/G5/W40 257 277 455 303 390 444 472 7.2
PB/G5/W40/N1 260 281 466 309 404 453 478 8.4
PB/G5/W40/N3 270 319 496 322 452 476 493 11.7
PB/G5/W40/N5 263 309 480 313 414 456 481 10.2
T; value for initial degradation
* T, Value for 1st step
® T Value for 2nd step
OH OH
HO HO
Wood flour Polymer Composite (uncompatibilized)
OH
OH O,
P P
CHy—CH H,
+ + —
HO N
Wood flour Compatibilizer Polymer Composite (compatibilized)

Scheme 1 A plausible reaction scheme for the compatibilization of WF and polymer by compatibilizer

that the incorporation of wood pulp, maleated PP into PP delayed the thermal
degradation of the composite. Tp value increased initially up to addition of 3 wt%
clay after that it decreased with the increase in the amount of clay (5 wt%).
Therefore, it could be concluded that the inclusion of nanomer improved the thermal
stability of WPC. The improvement in thermal stability may be attributed to the
presence of silicate layer which acted as a barrier and delayed the diffusion of
decomposed volatile products throughout the composites [19]. At higher clay
loading, the silicate layer might become agglomerated and decreased the barrier
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resistance. As a result, the diffusion of volatile products would be rapid and thermal
stability would be less.

Dynamic mechanical study

Storage modulus and loss modulus of PB, PB/G5/W40 and PB/G5/W40/N3 are
presented in the Figs. 4 and 5. PB/G5/W40 exhibited higher storage and loss
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Fig. 4 Storage modulus of (a) PB, (b) PB/G5/W40 and (c) PB/G5/W40/N3
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Fig. 5 Loss modulus of (a) PB, (b) PB/G5/W40 and (c) PB/G5/W40/N3
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modulus compared to PB. This enhancement might be due to the development of
strong interaction between WF and PB by PE-co-GMA. The glycidyl group and
long polyethylene chain of PE-co-GMA interacted with the hydroxyl group of
wood and PB, respectively. Storage and loss modulus were found to increase on
addition of glycidyl methacrylate as compatibilizer to the WPC [20]. Both the
storage and loss modulus were found maximum in the case of PB/G5/W40/N3.
The long chain of polymer molecules intercalated into the interlayer space of the
silicate layers and restricted the mobility of the polymer chains. As a result,
stiffness of the WPC increased and both storage and loss modulus improved.
Matuana et al. [13] studied dynamic mechanical properties of clay/HDPE/wood
composite and reported that clay-reinforced HDPE/wood composite showed better
storage and loss modulus compared to clay-free HDPE/wood composite. In both
the cases, a reduction in modulus with the increase in temperature was observed.
This was due to the softening of the matrix at higher temperature [21].

The damping factor or mechanical loss factor (tan J) is the ratio of loss modulus
to storage modulus and is shown in Fig. 6. PB exhibited a tan ¢ peak with a peak
temperature of 96.8 °C. There was no significant shifting of tan 6 peak in both
PB/G5/W40 and PB/G5/W40/N3. However, a lowering of tan § peak height was
observed with the addition of WF. This was due to the decrease in the volume
fraction of the matrix by the incorporation of WF. Similar observation was reported
by Thomas and co-workers [22, 23]. The reduction of tan ¢ peak height was more
pronounced when clay was added to the composite. This might be due to the
restricted movement of the polymer chains caused by the silicate layers of clay and
rigid WF molecules.
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Fig. 6 Tan 6 of (a) PB, (b) PB/G5/W40 and (c) PB/G5/W40/N3
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Table 3 Limiting oxygen indices and flaming characteristics of PB and wood/polymer/clay

nanocomposites

Samples LOI (%) Flame description Smoke and fumes Char
PB 22 Candlelike localised - Little
PB/G5 39 Small localized flame Small and black smoke Little
PB/G5/N3 47 Small localized flame Small and black smoke Higher
PB/G5/W40 44 Small localized flame Small and black smoke Little
PB/G5/W40/N1 55 Small localized flame Small and black smoke Higher
PB/G5/W40/N3 61 Small localized flame Small and black smoke Higher
PB/G5/W40/N5 66 Small localized flame Small and black smoke Higher

Limiting oxygen index (LOI)

Table 3 shows the results of LOI values of PB and WPC with varying percentage of
nanoclay. It was observed that the value of LOI increased on addition of PE-co-
GMA to the PB. The increase in interfacial adhesion amongst polymers by PE-co-
GMA might be responsible for the observed higher value of LOI. The values were
further improved on addition of nanoclay. The LOI values of the nanoclay-treated
wood polymer composites were found more compared to nanoclay-untreated wood
polymer composite. The higher the percentage of nanoclay, the higher was the LOL
WF contained cellulose, hemicelluloses, lignin and other low molecular weight
components which required lower concentration of oxygen for the production of
flammable volatiles and propagation of flame. As a result, the LOI of nanoclay-
untreated wood polymer composite was found less. On the other hand, nanoclay
produced silicate char on the surface of the clay-treated WPC which increased the
flame resistance property of the composite [24]. The silicate rich surface had better
barrier property to heat and oxygen transport due to which ignition of the composite
delayed. Besides this, the nanoclay contains amino propyl triethoxy silane and
octadecyl amine groups which could interact and promote adhesion with WF and
PB. This adhesion might prevent the flame for propagation. The higher the
percentage of clay, the stronger was the adhesion as well as resistance of flame
propagation.

Biodegradation study

The WPC samples were exposed for microbial degradation and after 8 weeks of
study, wood polymer composites had shown high rate of degradation. Figure 7
shows the bacterial growth of the WPC with respect to time. From the figure, it was
observed that with increasing bacterial exposure time, the growth of bacterial strains
increased. Wood composite as sole carbon source showed higher rate of bacterial
growth after 3 weeks of incubation and it continued up to eighth week. This
enhancement of bacterial growth might be due to powerful cellulolytic and
pectinolytic activity of bacteria [25]. Other than cellulose and pectin, lignin was also
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Fig. 7 Growth of Bacillus sp. on (a) PB, (b) PB/G5/WA40, (c) PB/G5/W40/N1, (d) PB/G5/W40/N3 and
(e) PB/G5/W40/N5S

a constituent of Phragmites karka plant stem and it was reported that Bacillus sp.
could degrade this [26]. The growth and degradation property of the wood
composite by bacteria was also supported by the SEM study (Fig. 8). With the
increase in the clay content, the rate of bacterial growth enhanced. The improved
biodegradability of nanocomposite was due to the catalytic role played by the clay
in the biodegradation mechanism [27]. From the study, it was observed that WPC
loaded with 5 wt% clay showed maximum bacterial growth. The mechanical
properties of the degraded WPC samples were checked, compared with undegraded
samples and are presented in Tables 4 and 5. The higher mechanical properties
shown by both degraded and undegraded WPC samples loaded with 3 wt% clay was
due to the better dispersion of silicate layers of nanoclay and enhanced restriction in
the mobility of the polymer chains intercalated inside the silicate layers. The lower
mechanical properties exhibited by 5 wt% clay loaded WPC was due to the
reduction in reinforcement effect of clay caused by the migration of the same to the
interface between WF and PB [28]. It was found that with efficient degradation of
WPCs, flexural and tensile properties of the WPCs decreased. This might be due to
the loss of physical and chemical interaction in the WPC caused by the degradation
effect of bacteria.

Water vapour uptake test

Water vapour absorption tests of PB, clay treated and untreated WPC were carried
out at 30 °C and two different relative humidities namely 95 and 65%, respectively
and are shown in Figs. 9 and 10. As expected, all the samples absorbed less water
vapour at 65% RH compared to 95% RH. In all the cases, water vapour absorption
occurred initially at a faster rate and finally at a slower rate. The rate of water
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Fig. 8 SEM micrographs of (a) PB/G5/W40, (b) PB/G5/W40/N1, (c¢) PB/G5/W40/N3 and (d) PB/G5/

W40/N5

Table 4 Flexural properties of WPC loaded with different percentage of nanoclay after the microbial

degradation
Sample Before degradation After degradation

Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa)
PB/G5/W40 18.01 £+ 1.12 3864.24 £ 1.16 16.84 £ 1.09 3686.49 £ 1.05
PB/G5/W40/N1 20.09 + 0.81 4193.27 £ 0.74 1745 £ 1.53 3964.75 £ 0.93
PB/G5/W40/N3 25.87 £ 0.93 4761.36 £+ 0.95 20.63 + 0.87 4239.72 £+ 1.07
PB/G5/W40/N5 22.15 £ 1.66 4487.65 + 1.08 17.74 £ 1.04 3871.84 £ 1.17

Table 5 Tensile properties of WPC loaded with different percentage of nanoclay after microbial

degradation
Sample Before degradation After degradation

Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa)
PB/G5/W40 17.93 £ 1.05 231.63 £ 18.26 15.85 £ 1.21 194.52 £ 17.74
PB/G5/W40/N1 23.01 &+ 1.12 312.79 £ 17.16 20.91 £ 1.06 217.83 £ 17.69
PB/G5/W40/N3 30.86 £+ 0.93 605.48 £+ 17.49 25.14 +£ 0.79 496.27 + 18.92
PB/G5/W40/N5 28.12 £+ 1.06 521.54 £ 23.72 22.63 £ 1.13 415.86 £ 21.63
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Fig. 9 Water vapour absorption at room temperature and 95% relative humidity of (a) PB, (b) PB/GS,
(c) PB/GS5/N3, (d) PB/G5/W40, (e) PB/G5/W40/N1, (f) PB/G5/W40/N5 and (g) PB/G5/W40/N3
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Fig. 10 Water vapour absorption at room temperature and 65% relative humidity of (@) PB, (b) PB/GS,
(c) PB/G5/N3, (d) PB/G5/W40, (e) PB/G5/W40/N1, (f) PB/G5/W40/N5 and (g) PB/G5/W40/N3

vapour absorption increased with the increased in time. The water vapour absorption
followed the order: PB/G5/W40 > PB/G5/W40/N1 > PB/G5/W40/N5 > PB/G5/
W40/N3 > PB > PB/G5 > PB/G5/N3. The water vapour absorption was found to
decrease on addition of PE-co-GMA to the PB. The compatibilizer, PE-co-GMA
increased the interfacial adhesion amongst polymers which led to the decrease in
water vapour absorption. Maji and co-workers [29] reported that GMA-treated WPC
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absorbed less water vapour compared to untreated WPC. The water vapour
absorption was further decreased due to inclusion of clay. The silicate layers of clay
acted as a barrier for the moisture which resulted in the decrease of the absorption of
water vapour. The value was found to enhance when WF was added. The
hydrophilic nature of the WF was responsible for this. Similar results were reported
in the literature [30]. The addition of clay to the WPC further decreased the rate of
absorption of water vapour. The value decreased up to addition of 3 wt% clay after
that it increased. The overall decrease in the moisture absorption was due to the
tortuous path imparted by the organically modified silicate layers which prevented
the water vapour from transportation and diffusion through the composite [31].

Moreover, there was less void space available in the wood for the absorption of
water vapour due to occupation of the same by nanoclay and polymer. As a result,
the water vapour absorption of clay-treated WPC would be less due to reduction in
void space in wood and the presence of tortuous path imparted by the silicate layers.
The higher water vapour absorption exhibited by the WPC containing 5 wt% clay
was due to the agglomeration of silicate layers which decreased the tortuous path for
transportation and diffusion of water vapour. In general, it can be concluded that
nanoclay-treated WPC absorbed less water vapour compared to clay-free WPC. The
trend of water vapour absorption of the samples in the case of 65% RH and 30 °C
was similar to those of samples tested at 95% RH and 30 °C.

Conclusions

The solvent ratio of xylene and THF for solution blending of HDPE, LDPE, PP and
PVC (1:1:1:0.5) were optimised and found to be as 70:30. Polyethylene-co-glycidyl
methacrylate (PE-co-GMA) acted as an effective compatibilizer for the composite
system. The dispersion of silicate layers was found better in WPC loaded with
3 wt% of nanoclay. Thermal stability of the composite was improved due to the
incorporation of clay. DMA results indicated an improvement in storage modulus,
loss modulus and mechanical loss factor due to incorporation of clay to the WPC.
LOI value increased after the incorporation of clay. Biodegradability of the WPC
improved on addition of clay. SEM study revealed the presence of maximum
bacterial growth in clay-treated WPC. Both flexural and tensile properties of the
WPC decreased due to bacterial degradation of composites. Water vapour absorption
of the WPC decreased on addition of nanoclay up to 3 wt% beyond that it increased.

Acknowledgments Financial assistance from Council of Scientific and Industrial Research (CSIR),
New Delhi is gratefully acknowledged. The authors are thankful to Dr. D. Setua, Defence Materials and
Stores Research and Development Establishment (DMSRDE), Kanpur for helping to carry out DMA
analysis.

References

1. Cavalieri F, Padella F (2002) Development of composite materials by mechanochemical treatment of
post-consumer plastic waste. Waste Manage 22:913-916

@ Springer



Polym. Bull. (2011) 67:1875-1892 1891

10.

11.
12.

13.

15.
16.
17.
18.
19.
20.
21.

22.

23.
24.
25.
26.

27.
. Deka BK, Maji TK (2010) Effect of coupling agent and nanoclay on properties of HDPE, LDPE, PP,

28

. Filippi S, Marazzato C, Magagnini P, Famulari A, Arosio P, Meille SV (2008) Structure and mor-

phology of HDPE-g-MA/organoclays nanocomposites: effects of the preparation procedures. Eur
Polym J 44:987-1002

. QiuL, Chen W, Qu B (2006) Morphology and thermal stabilization mechanism of LLDPE/MMT and

LLDPE/LDH nanocomposites. Polymer 47:922-930

. Hotta S, Paul DR (2004) Nanocomposites formed from linear low density polyethylene and orga-

noclays. Polymer 45:7639-7654

. Chiu FC, Chu PH (2006) Characterization of solution-mixed polypropylene/clay nanocomposites

without compatibilizers. J Polym Res 13:73-78

. LiuH, Yao F, Xu Y, Wu Q (2010) A novel wood flour-filled composite based on microfibrillar high-

density polyethylene (HDPE)/nylon-6 blends. Bioresour Technol 101:3295-3297

. Lei Y, Wu Q (2010) Wood plastic composites based on microfibrillar blends of high density poly-

ethylene/poly(ethylene terephthalate). Bioresour Technol 101:3665-3671

. Keener TJ, Stuart RK, Brown TK (2004) Maleated coupling agents for natural fibre composites.

Compos Part A 35:357-562

. Devi RR, Maji TK (2007) Effect of glycidyl methacrylate on the physical properties of wood—

polymer composites. Polym Compos 28:1-5

Dikobe DG, Luyt AS (2007) Effect of poly(ethylene-co-glycidyl methacrylate) compatibilizer con-
tent on the morphology and physical properties of ethylene vinyl acetate—wood fiber composites.
J Appl Polym Sci 104:3206-3213

Lee H, Kim DS (2009) Preparation and physical properties of wood/polypropylene/clay nanocom-
posites. J Appl Polym Sci 111:2769-2776

Ma J, Qi Z, Hu Y (2001) Synthesis and characterization of polypropylene/clay nanocomposites.
J Appl Polym Sci 82:3611-3617

Faruk O, Matuana L (2008) Nanoclay reinforced HDPE as a matrix for wood—plastic composites.
Compos Sci Technol 68:2073-2077

. Fung KL, Li RKY, Tjong SC (2002) Interface modification on the properties of sisal fiber-reinforced

polypropylene composites. J Appl Polym Sci 85:169-176

Meng YZ, Tjong SC (1999) Preparation and properties of injection-moulded blends of poly(vinyl
chloride) and liquid crystal copolyester. Polymer 40:2711-2718

Yemele MCN, Koubaa A, Cloutier A, Soulounganga P, Wolcott M (2010) Effect of bark fiber content
and size on the mechanical properties of bark/HDPE composites. Compos Part A 41:131-137
Bouza R, Pardo SG, Barral L, Abad MJ (2009) Design of new polypropylene—~woodflour composites:
processing and physical characterization. Polym Compos 30:880-886

Awal A, Ghosh SB, Sain M (2010) Thermal properties and spectral characterization of wood pulp
reinforced bio-composite fibers. J Therm Anal Calorim 99:695-701

Qin H, Zhang S, Zhao C, Feng M, Yang M, Shu Z, Yang S (2004) Thermal stability and flammability
of polypropylene/montmorillonite composites. Polym Degrad Stab 85:807-813

Devi RR, Maji TK (2008) Chemical modification of rubber wood with styrene and glycidyl meth-
acrylate. Polym Compos 29:1258-1262

Wunderlich B (1994) The nature of the glass transition and its determination by thermal analysis. In:
Seyler RJ (ed) Assignment of the glass transition, 1249, ASTM, STP, Philadelphia, pp 17-31
Idicula M, Malhotra SK, Joseph K, Thomas S (2005) Dynamic mechanical analysis of randomly
oriented intimately mixed short banana/sisal hybrid fibre reinforced polyester composites. Compos
Sci Technol 65:1077-1087

Jiang H, Kamdem DP (2008) Thermal and dynamic mechanical behavior of poly(vinyl chloride)/
wood flour composites. J Appl Polym Sci 107:951-957

Camino G, Tartagilione G, Frache A, Manferti C, Costa G (2005) Thermal and combustion behaviour
of layered silicate—epoxy nanocomposite. Polym Degrad Stab 90:354-362

Clausen CA (1996) Bacterial associations with decaying wood: a review. Int Biodeter Biodegr
37:101-107

El-Hanafy AA, Hassan E, Elsalam A, Hafez EE (2008) Molecular characterization of two native
egyptian ligninolytic bacterial strains. J Appl Sci Res 4:1291-1296

Karak N (2006) Polymer (epoxy) clay nanocomposites. J Polym Mater 23:1-20

PVC blend and Phargamites karka nanocomposite. Compos Sci Technol 70:1755-1761

@ Springer



1892 Polym. Bull. (2011) 67:1875-1892

29. Devi RR, Maji TK, Banerjee AN (2004) Studies on dimensional stability and thermal properties of

rubber wood chemically modified with styrene and glycidyl methacrylate. J Appl Polym Sci 93:
1938-1945

30. Lei Y, Wu Q, Clemons CM, Yao F, Xu Y (2007) Influence of nanoclay on properties of HDPE/wood
composites. J Appl Polym Sci 106:3958-3966
31. Alexandre B, Marias S, Langevin D, Mederic P, Aubry T (2006) Nanocomposite-based polyamide

12/montmorillonite: relationships between structures and transport property. Desalination 199:
164-166

@ Springer



	Study on properties of nanocomposites based on HDPE, LDPE, PP, PVC, wood and clay
	Abstract
	Introduction
	Experimental
	Materials
	Preparation of wood samples
	Preparation of wood polymer nanocomposite (WPC)
	Bacterial media
	Bacterial strains

	Measurements
	Transmission electron microscopy (TEM)
	Thermal property
	Dynamic mechanical analysis (DMA)
	Limiting oxygen index (LOI)
	Biodegradation study
	Scanning electron microscopy (SEM)
	Mechanical property
	Water vapour uptake test

	Results and discussion
	TEM results
	TGA study
	Dynamic mechanical study
	Limiting oxygen index (LOI)
	Biodegradation study

	Conclusions
	Acknowledgments
	References


