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In this  study,  the  interactions  of  �-tocopherol  (�-TOH)  in PVOH–starch  blends  were  investigated.  �-TOH
is  an  interacting  agent  possesses  a unique  molecule  of polar  chroman  “head”  and  non-polar  phytyl  “tail”
which  can  improve  surface  interaction  of PVOH  and  starch.  It showed  favorable  results  when  blending
PVOH–starch  with  �-TOH,  where  the  highest  tensile  strengths  were  achieved  at  60  wt.% PVOH–starch
blend  for  1  phr  �-TOH  and  50 wt.% for 3 phr  �-TOH,  respectively.  This due  to  the  formation  of  miscible
PVOH–starch  as resulted  by  the  compatibilizing  effect  of  �-TOH.  Moreover,  the  enthalpy  of  melting  (�Hm)
-Tocopherol
tarch
olyvinyl alcohol

of  60  wt.%  PVOH–starch  and 50 wt.%  PVOH–starch  added  with  1  and  3 phr �-TOH  respectively  were  higher
than  �Hm of  the  neat  PVOH–starch  blends.  The  thermogravimetry  analysis  also  showed  that  �-TOH  can
be  used  as  thermal  stabilizer  to  reduce  weight  losses  at elevated  temperature.  The  surface  morphologies
of  the compatible  blends  formed  large  portion  of  continuous  phase  where  the starch  granules  interacted
well  with  �-TOH by  acting  as  compatilizer  to reduce  surface  energy  of starch  for  embedment  into  PVOH
matrix.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

�-Tocopherol (�-TOH) is a natural biological antioxidant which
s widely used as the anti-aging agent to protect cells from damag-
ng as caused by free radicals actions (Frank, 2005; Yoshida, Niki,

 Noguchi, 2003). The �-TOH compound can inhibit the hydroper-
xide formation which attack the backbone of the macromolecule
ackbones leading to chain reaction that cause severe degradation
f the entire composition (Lerf, Zurbrügg, & Delfosse, 2010). Gen-
rally degradation of polymers can be divided into three phases:
I) initiation, (II) propagation and (III) termination. The addition of
-TOH tends to avoid the reaction to pursue from initiation to prop-
gation phases by scavenging the free radicals via the inhibition
cheme (IV) (Burton & Traber, 1990).
∗ Corresponding author. Tel.: +60 3 4107 9802; fax: +60 3 4107 9803.
E-mail addresses: leets@utar.edu.my, direct.tinsin@gmail.com (L.T. Sin).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.07.069
(I) Initiation: Production of R• (carbon-centered radical)
(II) Propagation: R• + O2 → ROO• (fast)

ROO• + RH → ROOH + R• (H atom abstraction)
(III) Termination: ROO• + ROO• → inactive products
(IV) Inhibition: �-TOH + ROO• → �-TO• + ROOH

�-TO• (�-tocopherol
radical) + ROO• → inactive products.

Previous researches (Lerf et al., 2010; Oral, Rowell, Micheli,
Lozynsky, & Muratoglu, 2010) have employed �-TOH as the
stabilizer in radiation crosslinked ultra-high-molecular-weight
polyethylene (UHMWPE) compound. Lerf et al. (2010) reported a
when �-TOH was applied at the concentration as low as 0.05%,
it was able to effectively protect highly cross-linked UHMWPE
against oxidation when expose to direct oxygen. In addition,
�-TOH was  also able to prolong initial stability against a supple-
mentary attack by hydrogen peroxide and reactive radicals (Lerf

et al., 2010). On the other hand, Oral et al. (2010) found that the
addition of �-TOH induced high crosslink density on the surface of
UHMWPE. The stabilized UHMWPE possesses superior wear resis-
tance and improved fatigue strength. This is favorable especially

dx.doi.org/10.1016/j.carbpol.2013.07.069
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.07.069&domain=pdf
mailto:leets@utar.edu.my
mailto:direct.tinsin@gmail.com
dx.doi.org/10.1016/j.carbpol.2013.07.069
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Table 1
Composition of PVOH–starch blends in preparation of cast films using 0, 1 and 3 phr
of  �-TOH.

Sample PVOH:starch (wt.%) �-TOH (phr)

PV 100 0
PVT-91 90:10 0
PVT-82 80:20 0
PVT-73 70:30 0
PVT-64 60:50 0
PVT-55 50:50 0
PV-1 100 1
PVT-91-1 90:10 1
PVT-82-1 80:20 1
PVT-73-1 70:30 1
PVT-64-1 60:50 1
PVT-55-1 50:50 1
PV-3 100 3
PVT-91-3 90:10 3
PVT-82-3 80:20 3
PVT-73-3 70:30 3

2.3.3. Scanning electron microscopy (SEM) analysis
ig. 1. Stereochemistry structure of �-tocopherol with polar “head” and non-polar
tail”.

or the application of UHMWPE in body implants for reducing the
ncidences of fracture when subjected to high stresses.

Since decade, many studies have been conducted on the
VOH–starch blends, claiming that the respective blends have the
otential to be used as biodegradable plastic materials (Rahmat,
ahman, Sin, & Yussuf, 2009; Russo et al., 2009; Tang & Alavi, 2011).
lthough the blending of PVOH and starch is favorable to yield
igher strength products at reasonable cost, practically mass pro-
uction of PVOH–starch has found its difficulty due to experience
evere thermal degradation when processed at the molten temper-
ture (Rahman, Sin, Rahmat & Samad, 2010). The highly reactive
ydroxyl ( OH) functional groups tend to generate hydroxyper-
xide radical when heating, leading to self hydrolysis reaction as
ell as attacking the backbone causes chain cleavages. This can

e observed when PVOH–starch melt-processed at temperature
bove 190 ◦C was yellowish sighted indicating severe degradation
as occurred (Sin, Rahman, Rahmat, & Mokhtar, 2011). Commonly,
lenty of high polarity oxo-type plasticizers such as glycerol, pro-
ylene glycol, polyethylene glycol, sorbitol and etc. are added to
educe the melt temperature while improving the flowability of
VOH–starch in molten state. Nonetheless, substantial addition of
igh polarity plasticizer can cause inferiority to the properties as
ell as plasticizer migration problem.

Basically, �-TOH molecular structure as shown in Fig. 1 is
onsisted of two different parts, the chroman “Head” and phytyl
Tail” as stated by Burton and Traber (1990). The head is polar with
he presence of hydroxyl ( OH) and alkoxy (R O R) functional
roups. The phenyl ring in the head plays important role in sta-
ilizing free radical excess electrons. Meanwhile, the tail section

s built up of hydrocarbon which is non-polar and hydrophobic.
uch characteristic is favorable to provide necessary attachment
o the polymer chains for the non-polar tail section, whereas the
olar head can interact with hydrophilic filler like starch which
esults good interfacial adhesion of different phases. Hence, when
-TOH is added to the PVOH–starch, it is expected that �-TOH
an provide addition protective layer through the interaction of
ackbone structure upon the occurrence of dehydration process
ia the tail section. Subsequently, PVOH–starch blend can sustain
levate thermal attack from rapid damage while also providing the
lasticizing effect to improve the flexibility and flowability of the
VOH–starch blends.

. Methodology

.1. Materials

Fully hydrolysed polyvinyl alcohol Denka POVAL grade K-17C
ith viscosity of 24–30 mPa  s, hydroysis 98.7–99.7 mol% and ash

ess than 0.7% manufactured by Denki Kagaku Kougyo Kabushiki
aisya (DENKA), Japan was used in this study. Native cassava starch

as obtained from Thailand- Cap Kapal ABC. �-tocopherol was

btained from Sigma–Aldrich, Malaysia at 99.5% purity. All these
aterials were used as received.
PVT-64-3 60:50 3
PVT-55-3 50:50 3

2.2. Sample preparation

The solution cast samples of PVOH–starch-�-TOH was  prepared
according to Table 1. Samples were prepared by dissolving PVOH
and starch (total materials weight of 10 g) in 300 ml of distilled
water and heated in a water bath at 97 ± 2 ◦C for 30 min  until all par-
ticles dissolved. A motor driven stirrer was  set at 800 rpm to help
the mixture to fully dissolve and gelatinize. After that, 100 ml  of dis-
tilled water was added to refill the vaporized water during the first
heating and this mixture was  heated at 97 ± 2 ◦C for 30 min  again.
Finally, �-TOH was added for stirring of 5 min  before removing from
the water bath. The mixtures were cast with similar weights of
30 g on Petri dishes and were further dried in an oven at 65 ◦C to
achieve constant weight by obtaining film thickness of 25 �m.  The
samples were then immediately sealed in a polyethylene bags and
stored under room temperature 25 ◦C at 65% relative humidity for
conditioning purpose.

2.3. Samples characterizations

2.3.1. Tensile test
Tensile test was performed according to ASTM D882 standard.

The samples were cut in the form of standard rectangular-
shaped. The specimen was  placed in the grips of the Instron 5848
Microtester with the crosshead speed of 50 mm/min. An average of
five samples was tested for each formulation and the results were
averaged to obtain mean value and standard deviation.

2.3.2. Thermal analysis
Thermal analysis was  conducted using Mettler Toledo DSC823

Differential Scanning Calorimeter. Samples were weighted into
standard aluminum pans. A sealed empty pan was used as reference
while nitrogen gas was purged at 20 ml/min during experiments.
Initially, each sample was  heated to 50 ◦C and scanning was car-
ried out with temperature ranging from 50 to 250 ◦C at 10 ◦C/min.
An average of five samples was  tested for each formulation and
the results were averaged to obtain mean value and standard
deviation. On the other hand, the thermogravimetric analysis was
conducted using Mettler Toledo TGA SDTA851e with the scanning
rate 10 ◦C/min under nitrogen gas purging condition.
The morphologies of the fracture surface for all samples from
tensile test were observed using JEOL model JSM-6301F Scanning
Electron Microscope (SEM). The fractured surfaces of the samples
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ig. 2. Mechanical properties of PVOH–starch added with �-TOH. (a) Tensile
trength. (b) Percentage of elongation. (c) Young’s modulus.

ere cut into a smaller portion prior conducting the scan. The cut
amples were placed and mounted onto the copper stub with the
ractured surface was facing up. These samples were coated with a
hin layer of gold and ready for scanning. The samples were scanned
nder the magnification of 3000× with the electron beam voltage
f 15 kV.

. Results and discussion

.1. Tensile properties

Fig. 2(a) shows the tensile strength of the PVOH–starch for dif-
erent composition of �-TOH. First of all, it can be noticed that
he amount of starch has significantly reduced tensile strength of
he blends. Although the interaction of PVOH and starch is favor-
ble via hydrogen bonds, the lack of irregularity structure leads to
ow compaction of the polymer chains arrangement (Sin, Rahman,
ahmat, & Khan, 2010; Sin, Rahman, Rahmat, & Samad, 2010). The
bsence of crystallinity is the main factor that causes the loss of

ensile strength of starch added PVOH blend. On the other hand, it
an found that the addition of �-TOH has deteriorated the tensile
trength of the neat PVOH. This can be explained that �-TOH is an
ily compound which behaves as a lubricant in the PVOH structure
ers 98 (2013) 1281– 1287 1283

to promote chain sliding when extension. The typical addition of 1
phr of �-TOH has caused a dramatically decline of tensile for 100%
PVOH from 17.1 MPa  to 14.2 MPa. However, further increment of
the �-TOH to 3 phr has shown small quantum of reduction. This
indicated when �-TOH was applied at small amount, the �-TOH
can penetrate into the PVOH structure to induce lubricating effect.
When the amount of �-TOH has reached 3 phr, a saturation level
can be observed with pronounce formation of larger phase droplet
in the blending morphology. Such observation is further discussed
in detail in the SEM section of this paper.

It can be observed that the incorporation of starch in PVOH-
�-TOH blends possesses the similar declining trends of tensile
strength up to the level of 60-70 wt.% of starch. Meanwhile, the
presence of the maximum point for the blends with �-TOH is
noticeable, where the highest tensile strengths were achieved at
60 wt.% PVOH–starch blend for 1 phr �-TOH and 50 wt.% for 3 phr �-
TOH, respectively. This can be explained through the phenomenon
known as favorable miscible blends. When good miscible stage of
the two  different polymers have achieved, the loss of free volume
will occur corresponding to a negative volume change of mix-
ing due to favorable interactions between polymers blends (Fried,
2003). In other words, the polymer chains of the PVOH and starch
can be arranged in ordered manner with higher crystallinity which
leads to difficulty in chain sliding. Such interaction was  not found
when comparing to the PVOH–starch blends without the addition
of �-TOH, which exhibited addition of starch causing inferiority.
Moreover, it can be noticed that the amount of �-TOH added has
direct related to the amount of starch incorporated into PVOH,
where certain amount of �-TOH can induce positive effect to the
PVOH–starch. For instance, such condition can be noticed where
the maximum tensile strength has shifted to 50 wt.% PVOH when
the amount of �-TOH has increased to 3 phr. This is because pre-
dominant amount of starch has caused the irregularity structure
where the cyclic form of D-glucose unit has dense polar structure
to interact mutually well with PVOH. The addition of �-TOH with
the unique polarity of “head” structure can harmonize the cyclic
structure as well as the linear “tail” proceed to interact with PVOH
chains. Hence, �-TOH added PVOH–starch blend can interact in a
favorable manner which enables consistent load distribution when
subjected to extension.

Further investigation on the percentage of elongation of �-TOH
added PVOH–starch blends as shown in Fig. 2(b) observed that the
elongation of the PVOH has dropped drastically with the addition
of starch. This is mainly contributed by the irregularity structure
restrict the chain movement. However, it was  noticed that the
addition of �-TOH caused the reduction of the percentage of elon-
gation to take place in a harmonize manner. This indicates that the
favorable lubrication interaction presents among the three compo-
nents, i.e. PVOH, starch and �-TOH. Such opinion can be justified by
examining the PVOH at range 50-60 wt.% showed the addition of �-
TOH at 1 and 3 phr have equal percentage of elongation compared
to PVOH–starch without addition of �-TOH. This is unlike to the
addition of �-TOH into PVOH–starch blends at range 80-100 wt.%
exhibited significant declined for the percentage of elongation. At
high amount of PVOH, the �-TOH would become incompatible
with PVOH–starch blends system, because the linear hydrophilic
structure of PVOH cannot interact with the polar “head” of the �-
TOH. But, as the composition of PVOH has reduced, �-TOH acts
as compatilizer medium to enhance the interfacial adhesion of
PVOH–starch blends. It can be assumed that �-TOH has the cyclic
“head” structure can interact effectively with the cyclic helix of
D-glucose which built up the starch macromolecules. Hence, such

interactive bond works well among polymer blends components up
to the level when substantial molecular separation occurs leading
to breakage and failure of the polymer structure. Further investi-
gation on the Young’s modulus of the samples (Fig. 3(c)) has also
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(a) When experimental �Hm is larger than theoretical �Hmi, it
means that there are somewhat extra physical bonding forma-
tion between PVOH and starch. The particular amount of �-TOH

Table 2
Average peak melting temperature of �-TOH added PVOH starch blends.

PVOH:Starch (wt.%) Average peak melting temperature (oC)

0 phr �-TOH 1 phr �-TOH 3 phr �-TOH

100:0 225.3 (0.14) 225.7 (0.12) 227.5 (0.12)
90:10 225.3 (0.13) 225.2 (0.14) 226.9 (0.12)
80:20 224.8 (0.13) 224.3 (0.12) 225.3 (0.13)
70:30 224.5 (0.11) 224.2 (0.11) 223.1 (0.08)
Fig. 3. DSC thermograms of �

ound the maximum point occurs at 60 and 80 wt.% PVOH for 1 phr
-TOH and 3 phr �-TOH, respectively, whereas the modulus of the
ample decreases in relation to the starch composition when �-TOH
as absence. This is because the addition of irregular structure of

tarch with PVOH restricted the polymeric chains movement, sub-
equently lead to higher rigidity, whereby the maximum modulus
ight be due to the synergistic interaction found in this ternary

lending system. Besides, it can also be observed when the PVOH
omposition has reached >70 wt.%, the PVOH–starch with addi-
ion of �-TOH has modulus higher than the neat PVOH–starch
ompound. This can be assumed that �-TOH has interacted in the
VOH–starch system by formation a secondary bonding which lim-
ts deformation.

.2. Thermal analysis

The differential scanning calorimetry thermograms of the
elected samples are shown in Fig. 3. It can be observed that the
ncorporation of starch and �-TOH has influenced the thermal
ehavior of PVOH. The broad peak of thermogram exhibits pres-
nce range of molecular interaction within the blending system.
t can be noticed that the neat PVOH peak is broad and moder-
tely sharp; whereas the addition of �-TOH in PVOH has caused
he melting peak to become narrower and sharper. This indicates
hat �-TOH has affected the molecular arrangement of PVOH. The
haper and narrower peaks of the samples exhibit the addition of
-TOH has actually diminished the arrangement of the low molec-
lar weight compound, where �-TOH can diffuse and reduce the
tructural rigidity for the shorter chains of PVOH. However, the
onger chain PVOH tends to possess superior interaction as a result
f entanglement as well as hydrogen bonding interactions which
imit the substantial penetration of �-TOH. Hence, the melting peak
as shifted to higher temperature showing that the enthalpy of
elting is mainly contributed by the high molecular weight PVOH.

esides that, this can also be explained via miscibility perspective
hat �-TOH possesses the non-polar tail which is partially misci-
le with PVOH. As the result, the addition of �-TOH has weakened
he interaction with a narrower peak indicates limited interac-
ion. On the other hand, the addition of starch in PVOH has caused

 significant reduction of the melting temperature peaks. Inas-
uch as incorporation of starch with large irregularity molecules
as affected the arrangement in the blending system thus lead-
ng to low crystallinity with shorter peak (Sin, Rahman, Rahmat,

 Khan, 2010). Further of comparison of thermograms for 50 wt.%
VOH–starch blends also found that the broadness of the peaks are
 added PVOH–starch blends.

identical while the peak temperature shifts lower after adding �-
TOH. This evidences that �-TOH did not weaken the interaction
of the PVOH–starch but tends to act as a lubricant which reduces
the rigidity of the structure. In other words, a lower temperature is
required to induce internal molecular kinetic energy to overcome
the rigid solid state for transforming into molten condition. Hence,
the melting peak of the PVOH–starch system with higher amount
of �-TOH is lower compared to binary PVOH–starch blend. This
can be further analyzed by referring to Table 2 where the average
peak melting temperatures for samples with starch composition
>30 wt.% are decreasing with higher amount of �-TOH. The anal-
ysis of relationship between average peak melting temperature
and interaction is reasonable because the higher melting tempera-
ture always indicates extra kinetic energy is required to overcome
the strong interaction among the polymer molecules to reach the
melting state.

Moreover, enthalpy of melting (�Hm) of the sample as summa-
rized in Fig. 3 can observe an identical trend with the tensile test as
discussed early. The enthalpy of melting for the PVOH has reduced
in relation to the amount of starch. Most of the time, the enthalpy
of melting can be related to the crystallinity of the polymers. In
this context, the addition of starch has reduced the crystallinity of
the PVOH as caused by the irregular and amorphous structure. In
addition, enthalpy of melting analysis also provides complemen-
tary information about the physical bonding of polymers blends
(Sin, Rahman, Rahmat, & Khan, 2010a) such as hydrogen bonds, van
der Waals or crystallization. Hence, based on the �Hm of 100 wt.%
PVOH, it is possible to conclude using following understanding:
60:40 224.3 (0.13) 223.7 (0.09) 223.3 (0.11)
50:50 223.8 (0.13) 223.2 (0.12) 222.1 (0.11)
0:100 No detection No detection No detection

Parentheses values representing standard deviation.
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has not weakened the interactions between PVOH and starch.
The blending interaction is strong.

b) When experimental �Hm is lower than theoretical �Hmi, it
means that addition of �-TOH has weakened physical bonding
between PVOH and starch. The blending interaction is weak.

The results of �Hm and �Hmi are plotted in Fig. 4. �Hmi
as calculated based on the �Hm of 100 wt.% PVOH and multi-
lied with the percentage of PVOH for each sample. For example,
0 wt.% PVOH–starch contains 20 wt.% of PVOH and 80 wt.% starch,
hus the �Hmi, 20 wt.% PVOH–starch = 0.2�Hm, 100 wt.% PVOH. Since

elting state of the starch was not detected and contributed
ndividually to �Hm, thus starch was assumed not to influence
ntramolecularly (among starch molecules) but intermolecularly
between PVOH and starch molecules) toward �Hm. Basically, the
heoretical �Hmi increases proportional to percentage of PVOH
n the blends. However, the experimental �Hm have deviated
ut of expectation. The PVOH–starch without addition of �-TOH
lways possesses the experimental �Hm higher than �Hmi indi-
ates that PVOH and starch pursue favorable strong intermolecular
nteraction. Although the different structural has influenced the
acking arrangement of the blending system, but the formation of
ydrogen bonding has induced superior interactions of both polar
omponents of PVOH and starch. On the other hand, the incorpo-
ation of �-TOH in PVOH has shown inferiority which was due
o incompatibility of the �-TOH and PVOH. The incompatibility
s mainly due to the different solubility of �-TOH in PVOH lead-
ng to phase separation as shown in scanning electron microscopy
ection later. Nevertheless, The �Hm of 60 wt.% PVOH–starch and
0 wt.% PVOH–starch added with 1 phr and 3 phr �-TOH respec-
ively is higher than �Hm of the PVOH–starch blends alone. This is
ecause �-TOH has interacted well with starch through favorable
ompatibilization effects that improves the molecular linkage.
Further analysis of thermal stability effect of �-TOH on
VOH–starch blends via thermogravimetry analysis exhibited
romising outcomes. According to Fig. 5, when neat PVOH were
eated at elevated temperature, it was susceptible to the highest
Fig. 5. Thermogravimetry analysis of �-TOH added PVOH–starch blends.

weight loss among the samples. However, the PVOH become more
resistible to thermal attack with lower weight losses when �-TOH
was added at 1 and 3 phr. This showed that �-TOH has inhibited the
formation of radicals from propagation to attack the polymer back-
bone. On the other hand, it was  found that the addition of starch
has improved resistivity of PVOH from thermal attacks as well.
This is agreed with the previous work as conducted by Sin et al.
(2011) that the presence of cyclic hemiacetal structure in starch
is sustainable to thermal attacks. Besides, the addition of �-TOH
has further improved the thermal resistance of the PVOH–starch
blends, where the 3 phr �-TOH added 50 wt.% PVOH–50 wt.% starch
compound has the lowest weight loss among the samples. When
comparison were done with previous work (Sin et al., 2011), the
thermogravimetry weight at 200 ◦C of 50 wt.% PVOH–50 wt.% starch
compound was  about 90%, whereas the samples of this work with
the addition of 1 and 3 phr �-TOH have the thermogravimetry
weight of 93.2 and 95.1%, respectively. Again, this indicates that �-
TOH possesses functionality as thermal stabilizer in PVOH–starch
blends.

3.3. Scanning electron microscopy (SEM)

Fig. 6 shows the selected morphology of the �-TOH added
PVOH–starch blends. Initially, the 100 wt.% PVOH presents smooth
and single phase morphology. When starch is added into PVOH,
it shows the starch agglomeration has taken place as resulted by
the irregular structure of starch. The starch granules as shown by
the white spots are distributed all over the PVOH matrix. Since the
starch granules are obviously visible, this indicates incompatibility
of starch and PVOH. Indeed, this is the main factor that contributes
to the inferior effect on the mechanical properties. On the other
hand, the addition of �-TOH also showed obvious droplet like spot
on the PVOH matrix. The different polarity of �-TOH and PVOH
has caused the phase separation. Such phase separation is favor-
able to induce lubrication effect for polymer flexibility. However,
when �-TOH are added into PVOH–starch blends, it can be seen
compatibilizing effect occur in between both components. This is
obviously found for the 60 wt.% PVOH–starch blend with 1 phr

�-TOH and 50 wt.% PVOH–starch with 3 phr �-TOH, where the
morphologies of these blends behave in a smoother and consis-
tent manners. The surface morphologies of the compatible blends
have large portion of continuous phase where the starch granules
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Fig. 6. SEM images of �-T

ave interacted well due to �-TOH acts as compatilizer in order
o reduce surface energy of starch to embed into PVOH matrix.
ubsequently, the strong binding energy compatilized PVOH and
tarch would enhance mechanical properties as indicated by higher

ensile strength (Sin, Rahman, Rahmat, & Samad, 2010b). Never-
heless, this condition is limited to selected composition as stated
bove. Upon deviation from the optimum state, the significant
hase separation can be observed with rougher surface. This can be
ded PVOH–starch blends.

explained by referring to the image of 1 phr �-TOH added 70 wt.%
PVOH–starch when the starch granules gradually agglomerate due
to insufficient �-TOH to homogenize with PVOH matrix. In oppo-
site when incorporating excess amount of �-TOH, the starch tends

to interact with �-TOH to form a heterogeneous region with the
PVOH matrix as shown in the image of 3 phr �-TOH added 80 wt.%
PVOH–starch blends. This is mainly due to the incompatibility of
�-TOH with PVOH which enable �-TOH alternatively to dissolve
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tarch and subsequently form a separation region, resulting the
lends possess weaker in mechanical properties.

. Conclusions

The addition of �-TOH with PVOH is incompatible which causes
nferior effect to the mechanical properties, where the tensile
trength has reduced from 17.1 MPa  to 14.2 MPa  after addition of

 phr �-TOH. Nevertheless, it has shown favorable results when
lending PVOH–starch with �-TOH, where the highest tensile
trengths were achieved at 60 wt.% PVOH–starch blend for 1 phr
-TOH and 50 wt.% for 3 phr �-TOH, respectively. This can be
xplained through the phenomenon known as favorable miscible
lends. The addition of �-TOH with the unique polarity of “head”
tructure can harmonize the cyclic structure as well as the lin-
ar “tail” proceeds to interact with PVOH chains. Hence, �-TOH
dded PVOH–starch blend can interact in a favorable manner which
nables consistent load distribution when subjected to external
rawing. Besides that, the �Hm of 60 wt.% PVOH–starch and 50 wt.%
VOH–starch added with 1 phr and 3 phr �-TOH respectively
as higher than �Hm of the mere PVOH–starch blends. This is

ecause �-TOH has interacted well with starch through favor-
ble compatilizing effects that improves the molecular linkage.
hermogravimetry analysis PVOH–starch blend also showed that
-TOH can act as the thermal stabilizer to reduce the weight loss at
levated temperature. When �-TOH are added into PVOH–starch
lends, it can be seen a compatibilizing effect occur in between
oth components. This can be obviously found for the 60 wt.%
VOH–starch blend with 1 phr �-TOH and 50 wt.% PVOH–starch
ith 3 phr �-TOH, where the SEM morphologies of these blends

ehave in a smoother and consistent manners. The surface mor-
hologies of the compatible blends have large portion of continuous
hase where the starch granules have interacted well with �-

OH acts as compatilizer to reduce surface energy of starch to
mbed into PVOH matrix. In conclusion, �-TOH possesses triple
unctionalities as plasticizer, compatilizer and thermal stabilizer in
VOH–starch blends.
ers 98 (2013) 1281– 1287 1287
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