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ABSTRACT: Degradation of the blends of low-density polyethylene (LDPE) with a starch-based additive namely, polystarch N was
studied under various environmental conditions such as natural weather, soil and sea water in Saudi Arabia. Stress—strain properties
and thermal behavior were investigated for the LDPE and LDPE/polystarch N blend having 40% (w/w) of polystarch N. Environmen-
tal ageing resulted in the reduction of percentage of elongation and crystallinity for the blend. Rheological studies and scanning
electron microscope photomicrographs of the polymer samples retrieved after ageing showed that addition of polystarch N enhanced
the degradation of LDPE. This is ascribed to high extent of chain scission and leaching out of starch present in polystarch N, which
was corroborated by the results of morphology and Fourier transform infrared spectroscopy analyses. In the case of underground soil
ageing, microbes present in the soil consume the starch in the blend, thus accelerating the degradation process. © 2012 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

In the last few decades, the usage of plastics for packaging
applications increased many-fold because of its easy processabil-
ity, light weight, low cost, good resistance to chemicals and
microorganisms, and high mechanical properties.' Careless
dumping of plastics in land-fills and sea water has long term
adverse effects on the environment, human beings and marine
life. There are reports on the modification of plastics especially
polyolefin to make it more susceptible to degradation.””

Since natural polymers such as starch are susceptible to bacterial
attack, blending of polyethylene with starch makes polyethylene
prone to natural degradation.®”"® Majid et al.'® studied the
effect of natural weathering on LDPE/thermoplastic sago starch
blends with and without polyethylene grafted maleic anhydride
(PE-g-MA) as compatibilizer. They observed that both tensile
strength and elongation at break decreased with weathering
time for both compatibilized and uncompatibilized blends.

© 2012 Wiley Periodicals, Inc.
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Garg et al.'” showed that enzymatic and soil burial degradation
of starch/low-density polyethylene (LDPE) blend increased with
increase in the starch content but decreased with increase in the
amount of modified starch. Gupta et al.'® studied the biodegra-
dation of the blends of LDPE and a natural gum (baheda gum,
terminalia bellirica). They found decrease in tensile properties
in these LDPE blends on soil burial test. Scanning electron
microscope (SEM) analysis showed the formation of fungus
colony during the biodegradation of the blends. Danjaji et al.'*
studied the degradation of starch filled polyethylene under soil
and natural weathering conditions. Natural weathering resulted
in an increase in the brittleness and dimensional changes. Oxi-
dative degradation of the blend of oxo-degradable LDPE with
thermoplastic starch under UV radiation was studied by Raquez
et al.'> They reported an initial increase in the crystallinity of
the LDPE till 13 weeks, beyond which it decreases. Shah et al.'®
conducted accelerated degradation of starch filled LDPE under
various laboratory conditions. Kyrikou et al.'” studied the
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photochemical degradation of linear low-density polyethylene
(LLDPE) film with Ciba Envirocare AG100 as pro-oxidant. They
reported chain scission as well as crosslinking in the polymer
matrix. They also observed increase in crystallinity in the poly-
mer during photodegradation. While studying outdoor weather-
ing of LDPE films, Al-Madfa et al.'® observed degradation by
oxidation and crosslinking, depending on the exposure time.
Baum and White'® proposed that initial formation of hydroper-
oxide is followed by chain splitting and recombination of free
radicals leading to crosslinking in polyethylene during ageing.

Khoramnejadian®® studied the water absorption and biodegrada-
tion of blends of polyethylene and potato starch. They observed
that as the content of potato starch increased, the rate of water
absorption as well as the biodegradation increased. Derraik®'
reviewed the pollution of the marine environment by plastics de-
bris and urged for further research in the area. Andrady et al.*?
reported that the lower extent of degradation in marine exposure
as compared to outdoor weathering is believed to be due to lower
sea water temperature and lower extent of solar radiation reach-
ing the polymer surface. Andrady*® emphasized the importance
of plastic pollution of the oceans with special reference to the
ecological impacts of plastics debris and microplastics, formed
by weathering-induced fracturing and surface embrittlement of
plastics in the ocean beach.

Literature survey shows that there are scanty reports on the age-
ing behavior of LDPE under natural weathering, soil burial and
sea water environments. The present investigation was under-
taken to fill in the gap. The article reports the results of studies
on the effect of a starch-based additive, namely polystarch N on
LDPE, under natural weathering, soil burial and sea water age-
ing. Polystarch N is a masterbatch of corn starch and LLDPE in
the ratio 45/55 and was obtained from Willow Ridge Plastics,
KY.** The investigations include the mechanical and thermal
properties along with Fourier transform infrared spectroscopic
(FTIR) and SEM studies.

EXPERIMENTAL

Materials

LDPE (M,, = 92,740; MFI = 2 g/10 min), having a density of
0.92 g/cm’, was obtained from Exxon Mobil Chemicals, Bel-
gium. Polystarch N is a masterbatch of corn starch and LLDPE
in the ratio 45/55 and was obtained from Willow Ridge Plastics,
Kentucky, USA The masterbatch also includes undisclosed proc-
essing aid and 3-10% levels of a desiccant.** It was observed
that high loading of starch in polystarch N makes it difficult to
process and mould the samples for mechanical and other tests.

Blend Preparation

LDPE was blended with polystarch N in a Brabender Plasticor-
der (Mixer 50E) at 140°C for 10 min. Mixing speed was set at
60 rpm. The extrudates was taken out from the mixer and
compressed in a Carver press at 140°C for 5 min to get a sheet
having thickness of 2 mm. The amount of polystarch N in its
blend with LDPE was 40% (w/w).

The loading of 40% (w/w) was chosen on the basis of suggestions
made by the supplier.** The designations used in this study, PSN,
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NA, SB, and SW stand for polystarch N, natural weather ageing,
soil burial ageing, and sea water ageing, respectively.

Ageing Studies

For the natural weather ageing studies, the blends were exposed
to outdoor environments at the exposure site located in Dhah-
ran, Saudi Arabia. LDPE and LDPE/polystarch N sheets were
fixed on a steel rack at 45° with respect to the base of the rack
fixed on the roof top of a seven storeyed building at King Fahd
University of Petroleum and Minerals campus (KFUPM), Dhah-
ran and facing to east to have the maximum exposure to
sunlight. For the soil burial test, the samples were buried under
soil in a vegetable garden at KFUPM at a depth of 0.5 m. For
the ageing in sea water, the samples were immersed at a depth
of 1 m from the surface. in the Arabian Gulf, Dhahran, Saudi
Arabia (Latitude: 26° 17’ 0" N, Longitude: 50° 12" 0" E), The
polymer sheets were exposed for 4 months from October 2011
onward and the temperature and humidity during these periods
varied from 42 to 10°C and 70 to 54%, respectively. After 120
days of ageing, the samples were taken out, cleaned with dis-
tilled water and dried in an air oven at a temperature of 30°C.

Tensile Properties

The tensile properties of the dumbbell-shaped samples were
measured at 25°C as per the ASTM D638 procedure using Ins-
tron UTM (Model 5560) at a crosshead speed of 50 mm/min.
Five samples were tested in each experiment and the average
value has been reported.

DSC Analysis

The melting and crystallization behavior of LDPE and LDPE/
polystarch N blend were determined by using DSC-Q1000, Uni-
versal V4.2E TA Instruments. Heating and cooling for both first
and second cycles were done in nitrogen atmosphere at the rate
of 10°C/min from 20°C to 180°C. The crystallinity of LDPE
and the blends was calculated using the expression

% of crystallinity = (AHgs/AHL,) x 100 (1)

where AHjg, is the enthalpy of fusion of the LDPE-polystarch N
and AH]_ is the enthalpy of fusion of the 100% crystalline
LDPE. AHY,, of LDPE was taken as 287.6 J/g.*>

Rheological Analysis

Dynamic viscosity of LPDE and LDPE/polystarch N blend were
determined by using an advanced rheometrics expansion system
(ARES). The measurements were carried out at 10 Hz. using
cone and plate geometry (25-mm diameter and 0.1 rad cone
angle) at 150°C in nitrogen atmosphere. Frequency sweeps with
an angular velocity of 0.1-100 rad/s were performed in the lin-
ear viscoelastic regime at a strain of 10%. The samples were left
to equilibrate for 5 min prior to each measurement.

FTIR Analysis

The IR spectra were obtained using a NICOLET 6700 FT-IR
Spectrometer. Data were collected by averaging 32 scans, at a
resolution of 4 cm™'. FTIR spectra were presented in absorb-

ance from 500 to 4500 cm ™.
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Figure 1. (a—e) Cryo-fracture SEM of PSN, before ageing (a), LDPE/PSN blends before and after ageing, (b) unaged, (c) natural weather, (d) soil burial,

and (e) sea water.

Scanning Electron Microscopy

The surfaces of the LDPE and its blend with polystarch N, both
before ageing and retrieved after ageing, were examined under
SEM JEOL (Model JSM 5800LV).

Blend Morphology

To study the morphology of polystarch N and LDPE/polystarch
N blends, the samples were subjected to cryogenic fracture fol-
lowed by treatment in hot water at 80°C for 6 h to etch out the
starch phase. Samples were coated with a thin layer of gold to
avoid sample charging during imaging and then examined
under SEM.

RESULTS AND DISCUSSION

The SEM photomicrographs of the cryo-fractured hot—water-
etched polystarch N, and LDPE/polystarch N blend, namely
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PSN40 are shown in Figure 1(a—e). Figure 1(a) displays the
morphology of the polystarch N alone. Because of the removal
of starch on hot water etching, the morphology looks porous
along with extensive vacant sites, previously occupied by starch.
Figure 1(b) shows the morphology of the unaged LDPE/poly-
starch N blend sample. The holes show the portion occupied by
starch prior to hot water etching indicating uniform distribu-
tion of polystarch N in LDPE. Figure 1(c) stands for the
morphology of the blend after the natural weather ageing indi-
cating no change in the morphology. Figure 1(d) shows the
morphology of the blend after soil burial and it is apparent that
the number of holes has increased and they are interconnected
in some regions, signifying that the microorganisms in the soil
have consumed the starch present in polystarch N, thus increas-
ing the degradation of the polymer after soil burial.*
Huang et al.”” reported that during soil burial, the starch phase
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Figure 2. FTIR spectra of LDPE (a) and LDPE/PSN blends (b) before and
after natural, soil burial, and sea water ageing (NA, SB, and SW stand for
natural weather aged, soil burial aged, and sea water aged). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in the blend undergoes degradation very fast. Figure 1(e) stands
for the morphology of sea water aged blend samples.
Figure 1(e) is similar to Figure 1(b), indicating no changes in
morphology of the blend on sea water ageing.

Figure 2 shows the FTIR spectra of LDPE and the blend PSN40
before and after ageing for 120 days under various environmen-
tal conditions and the results are summarized in Table I. The
table also shows the FTIR results of polystarch N alone. It is
apparent that the most of the peaks of polystarch N are also
observed in the spectra of LDPE and in the blend. For LDPE,
before ageing the peaks were observed at 2917, 2843 cm™ ' cor-
responding to the vibration mode of —CH,— group. The peak
at 1460-1470 cm ™" corresponds to the —CH, bending deforma-
tion. Peaks in the region 730-715 cm™' represent the C—H
rocking in LDPE. After natural weather ageing new peaks were
observed at 1715, 1125, and 1043 cm ™! due to the presence of
carbonyl group, —C—0O—C— and vibration of CH,—O group,*®
thus indicating the presence of oxidized products.”’ However,
after soil burial and sea water ageing, the peak in the region
3000-3300 cm™' which corresponds to —OH appears and the
carbonyl peak merges with the peak (1594 cm™') representing
the adsorbed water and a new peak can be seen at 1043 cm .
These results suggest that LDPE when kept under natural
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weather ageing had undergone higher degradation as compared
to soil burial and sea water ageing. For the blend PSN40, peaks
were observed at 3000-3400 cm™' due to —OH functional
group. The peaks corresponding to the vibration mode of
—CH, group (2915 and 2847 cm™ '), C=0 (1739 cm '),
adsorbed water (1591 cm™'), —CH, bending deformation
(1471, 1461 cm™"), skeletal vibration of —CH, group (1377
cm ), C—O—C vibration (1151 em™}), C—O—H stretching
vibration (1077 ¢cm™') C—C (1016 cm ') and C—H rocking
vibrations (730-715 ¢cm™ ") can be seen in the LDPE/polystarch
N blend. After ageing, the intensity of the peaks at 3000-3400
cm ™' region, 1590 cm™ ' and 1017 cm ™' which are the charac-
teristics of polystarch N decrease due to the leaching out of
polystarch N from the blend.

Figure 3 represents the DSC heating curves for LDPE and the
blend (PSN40) before and after ageing of 120 days under vari-
ous environmental conditions. The DSC heating curve for poly-
starch alone is also shown in the Figure 3. The melting peak
occurring at 120°C is due to the LLDPE component in poly-
starch N. For the blends two peaks can be seen. The first peak
at 106°C corresponds to the melting of LDPE while the minor
second peak occurring at 115°C is due to melting of LLDPE
present in polystarch N. The T,, values are not affected by the
presence of polystarch N as well as the degradation environ-
ments. However, significant variation can be seen in the AHj,
and percentage of crystallinity of LDPE and its blend with
polystarch N after ageing, as summarized in Table II. The crys-
tallinity of LDPE remains unchanged under natural weather
ageing, but increased from 38 to 43% after soil burial and sea
water ageing, the reasons for which are not understood.'”” Mar-
telli et al.’® reported an increase in the % crystallinity of LDPE
after soil burial of 120 days. The presence of polystarch N in
the LDPE decreases the crystallinity of the LDPE especially after
natural weather ageing. This indicates that during natural
weather ageing the chain scission is higher as compared to soil
burial and sea water ageing due to the formation of oxidized
products.” Andrady et al** have observed lower extent of
degradation in marine exposure as compared to outdoor weath-
ering and attributed the changes to lower sea water temperature
and to shielding from light-induced surface fouling in samples
exposed to floating in sea water. Torikai et al.*® also reported
that small amount of oxidation products in polyethylene which
is generated during ageing can increase the chain scission result-
ing in a decrease of crystallinity.

Figure 4(a,b) shows the stress—strain plots for the LDPE and its
blend with polystarch N before and after ageing of 120 days
under various environmental conditions. After ageing there are
no significant changes in the stress—strain curves of the LDPE.
However, in the case of the blend, ageing changed the nature of
the stress—strain curves. For the blend, on ageing no yielding
was observed and the strain decreased abruptly especially after
natural weather ageing. This decrease is attributed to the forma-
tion of free radicals due to the presence of light and oxygen
which increases the crosslinking and chain scission.'®** In natu-
ral weather ageing, the presence of sand wind also causes
erosion of the polystarch N from the surface of the blend thus
exposing LDPE bulk towards natural weather ageing.
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Figure 3. DSC heating curves of LDPE (a) and LDPE/PSN blends (b)
before and after natural, soil burial, and sea water ageing (NA, SB, and
SW stand for natural weather aged, soil burial aged, and sea water aged).
[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Al-Madfa'® reported occurrence of both oxidation and cross-
linking during outdoor exposure of polyethylene films. They
also reported that the ductility decreased as the extent of cross-
linking increased. Danjaji et al.'* observed a decrease in the per-
centage of elongation for the starch filled polyethylene, when
kept in natural weathering and soil burial.
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Figure 4. (a, b) Stress—strain plots of LDPE and LDPE/PSN blends before
and after ageing (NA, SB, and SW stand for natural weather aged, soil
burial aged, and sea water aged). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

In the case of sea water ageing, the degradation depends upon
the temperature, salinity, pH, microbial population, and the dis-
solved amount of oxygen.** Exposure of the samples to oxygen
and sunlight is less in sea water than that in natural weather age-
ing condition. The deficiency of oxygen at the reaction site can
lead to the formation of peroxide crosslinks due to the presence
of free radicals produced during ageing.® Absorbance of

Table II. DSC Parameters of LDPE and PSN40 Blends Before and After Natural, Soil Burial, and Sea Water Ageing for 120 Days

T (°C) AHsus (J/9) Crystallinity (%)
Natural
Unaged ageing Soil burial - Sea water Natural Soil Sea Natural Soil Sea
Materials Tot Tz Tmi Twz Tmi Tm2 Tmi Tme Unaged ageing burial water Unaged ageing burial water
LDPE 108 - 107 - 108 - 108 - 110 108 123 123 38 38 43 43
PSN40 106 115 106 115 106 115 106 115 94 65 77 97 33 23 27 34
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WILEYONLINELIBRARY.COM/APP

@WILEY i ONLINE LIBRARY



Applied Polymer
1 a
'x!\.\ —u— LDPE Unaged
R i e LDPE NA 120
10000 ‘ -.N\ 4 LDPESB 120
NN —v— LDPE SW 120
.
0
@
L%
=
1000
1
o (rad/s)
—m— PSN40 Unaged b
\i —e— PSN40 NA 120
N 4 PSN40 SB 120
10000 +
: bﬂ&ﬁ —v— PSN40 SW 120
] ey
N -
— N
@ ®. g
- .\.‘. \
o_\\
1000 - ..\l‘\
] \.\.\ \.
~e \.
‘.n._
b
T T LA |
1 10 100

o (rad/s)

Figure 5. Variation on the dynamic viscosity of LDPE and LDPE/PSN
blends before and after natural, soil burial, and sea water ageing for 120
days (NA, SB, and SW stand for natural weather aged, soil burial aged,
and sea water aged). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

moisture by polystarch N from the sea water results in the
removal of starch component in polystarch N/LDPE blends."
For soil burial, the presence of moisture as well as microorgan-
isms can influence the degradation of the blends. As discussed
earlier, the microorganisms can consume the starch present in
the polystarch N resulting thereby in an increase the surface to
volume ratio of polyethylene available for degradation.’® How-
ever, the degradation is less for the blend kept in soil compared
to natural weather ageing due to the absence of light. Muthuku-
mar et al.’ reported that variation in the ageing conditions can
vary the degradation rate and higher degradation is observed for
the samples kept in natural weathering condition compared to
the soil burial and marine ageing conditions. The above results
are corroborated with the finding from FTIR and SEM studies.

Figure 5 shows the variation in the dynamic viscosity of LDPE
and LDPE/polystarch N blend before and after ageing of 120
days. It is apparent that after natural weather ageing, the
dynamic viscosity of LDPE decreases compared to soil burial
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Figure 6. (a—d) SEM micrographs of LDPE: (a) unaged, (b) natural age-
ing, (c) soil burial, and (d) sea water ageing of 120 days.

and sea water ageing in the entire frequency region. This is
ascribed to the chain scission in LDPE after natural weather
ageing.”” Similarly, in the case of natural weather ageing of
LDPE/polystarch N blend, the dynamic viscosity decreases in
the entire frequency region and the decrease is pronounced for
the blend kept in natural weather ageing. Al-Madfa et al.'®
reported that outdoor weathering of LDPE caused degradation
by both oxidation and crosslinking. They also observed drop in
ductility with increase in crosslinking. Shah et al.'® reported
that after thermal ageing, a decrease in the molecular weight of
starch filled polyethylene by using melt flow index values.

Figures 6(a—d) and 7(a—d) represent the SEM of the surface of
LDPE and LDPE/polystarch N blend before and after ageing. The
surface of the unaged sample of LDPE is smooth and free from
any cracks and tear lines [Figure 6(a)]. After natural weather
ageing, crazing can be seen throughout the surface of LDPE
[Figure 6(b)]. Soil and sea water ageing causes micro cracks and
holes indicating degradation to LDPE on ageing [Figure 6(c,d)].
In the case of LDPE/polystarch N blend, the surface shows micro-
crazing and holes after ageing, presumably due to the de-bonding
between LDPE and polystarch N particles, thereby leaching out
of starch from polystarch N present in the blend [Figure 7(a—d)].
Rehim et al.’® reported that microbes present in the soil can
degrade the starch and accelerates the oxidation of the amor-
phous portion of LDPE which helps in the increase in the surface
area of polymer blend susceptible to degradation.

CONCLUSIONS

Addition of polystarch N decreased the ductility of the LDPE
after natural weather ageing compared to soil burial and sea
water ageing. The T,, of LDPE and LDPE/polystarch N blend
were not affected by the ageing, while a decrease in the degree
of crystallinity occurred. As compared to soil burial and sea
water ageing, natural weather ageing caused reduction in the
dynamic viscosity of the blend presumably due to the chain
scission of the polymer. SEM photomicrographs of the surface

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38769
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Figure 7. (a—d) SEM micrographs of LDPE/PSN blends: (a) unaged, (b) natural ageing, (c) soil burial, and (d) sea water ageing of 120 days.

indicated that ageing caused micro cracks and crazes in LDPE,
while holes on the surface in the case of blends exposed to
soil and sea water ageing is due to the leaching out of starch
from polystarch N. The morphology studies further indicated
that microbes present in the soil consumes the starch present
in the blends, increasing the surface area of the soil aged poly-
olefin available for further degradation to occur. It is apparent
that polystarch N, when present in LDPE, helps in degradation
through chain scission when exposed to natural weather with-
out affecting the morphology of the blend. In the case of soil
burial and sea water ageing, the degradation through chain
scission is absent due to lack of sufficient oxygen and corro-
sive weather conditions such as wind, sand and high
temperature.
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