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Starch films were successfully produced by incorporating spray dried and vacuum-freeze dried starch
nanoparticles. The frequency sweep, creep-recovery behavior and time-temperature superposition (TTS)
on these films were studied. All these films exhibited dominant elastic behavior (than viscous behavior)
over the entire frequency range (0.1-100rad/s). The incorporation of both types of starch nanoparticles
increased the storage and loss modulus, tan §, creep strain, creep compliance and creep rate at long time
frame and reduced the recovery rate of films while the effect of different kinds of starch nanoparticles on
these parameters was similar both in magnitude and trend. TTS method was successfully used to predict
long time (over 20 days) creep behavior through the master curves. The addition of these nanoparticles
could increase the activation energy parameter used in TTS master curves. Power law and Burger’s models
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were capable of fitting storage and loss modulus (R? >0.79) and creep data (R? >0.96), respectively.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Starch-based edible films or non-edible packaging films con-
tribute toward the protection of environment due to their
biodegradability (Ryu, Rhim, Roh, & Kim, 2002). The current and
potential applications of starch-based films in food (Laohakunjit
& Noomhorm, 2004), medicine (Krogars, Heindmadki, Antikainen,
Karjalainen, & Yliruusi, 2003) and packaging industry (Avella et al.,
2005) have been adequately highlighted.

The starch or starch-based films can be produced by a num-
ber of ways and the solution casting method is commonly used
in research and development stage (Dawson, Hirt, Rieck, Acton,
& Sotthibandhu, 2003; Kampeerapappun, Aht-ong, Pentrakoon,
& Srikulkit, 2007; Obara & McGinity, 1994). The properties of
films, to a greater extent, are determined by the composition of film
forming solution. Materials such as gelatin (Veiga-Santos, Oliveira,
Cereda, & Scamparini, 2007), cellulose (Wittaya, 2009), chitosan
(Xu, Kim, Hanna, & Nag, 2005) and plasticizers such as glycerol
(Alves, Mali, Beléia, & Grossmann, 2007), xylitol (Talja, 2007) and
their combination (Muscat, Adhikari, Adhikari, & Chaudhary, 2012)
are used to improve the physicochemical and mechanical proper-
ties of starch-based films. In addition, the starch or starch-based
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films can also be modified by the addition of nanoparticles (Wu,
Wang, & Ge, 2009).

Starch nanoparticles are nano-sized (1-1000 nm) particulates
of starch prepared by chemically cross-linking starch molecules
with appropriate cross-linkers. In our pervious study, we reported
that the starch nanoparticle can be successfully prepared through
water-in-oil (w/o) mini-emulsion cross-linking technique using
high pressure homogenizer (Shi, Li, Wang, Li, & Adhikari, 2011). As
both the starch-based films and starch nanoparticles have the same
material (starch) as the major component, it is interesting to inves-
tigate the effect of presence/incorporation of starch nanoparticles
on the properties of starch-based films.

Viscoelastic properties are important indicators which allow
prediction of time-dependent deformation of polymeric substances
in films and solutions exposed to various environmental condi-
tions such as heat and stress/strain (Chen & Lai, 2008; Fama,
Rojas, Goyanes, & Gerschenson, 2005; Kim et al., 2009). In addi-
tion, viscoelastic properties such as frequency-dependence and
creep-recovery behavior can also be affected by the composition
of polymeric substances.

Mendieta-Taboada, Sobral, Carvalho, and Habitante (2008) stud-
ied the frequency sweep tests in the range from 0.01 to 200 Hz
in films produced from poly(vinyl alcohol) (PVA)-gelatin blends
containing 10-40% PVA. They found that modulus of elasticity
increased with increase in PVA concentration between 10% and
30% of PVA. Alvarez, Kenny, and Vazquez (2004) reported that the
addition of sisal fibers in biodegradable cellulose derivatives/starch
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Nomenclature

ar shift factor

Ea activation energy (kJ/mol)

Ex modulus of the Kelvin spring (MPa)
Em modulus of the Maxwell spring (MPa)
G storage modulus (Pa)

G’ loss modulus (Pa)

] creep compliance (wm?/N)

K index (Pas™)

K’ index (Pas™)

n frequency exponent

n” frequency exponent

R universal gas constant (JK-1 mol-1)
R? correlation coefficient

To reference temperature (K)

T absolute temperature (K)

T retardation time (s)

t loading time (s)

M viscosity of the Maxwell dashpot (MPas)
K viscosity of the Kelvin dashpot (MPas)
w angle frequency (rad/s)

tané$ tangent of loss angle

€ strain of suspension

g creep rate (s~ 1)

op constantly applied compressive stress (MPa)

composite films significantly improved the creep resistance in cel-
lulose derivatives/starch composite films. Bonacucina et al. (2006)
investigated the effect of different plasticizers on the creep behav-
ior of pregelatinised starch acetate (Amprac 01) free standing films
and reported that the addition of plasticizers enhanced the creep
compliance.

We recently developed starch-based films which incorpo-
rated starch nanoparticles. The physical characteristics such as
amorphous crystalline/nature, glass transition behavior and tem-
perature dependence of strain of those starch nanoparticles
containing films were studied. However, the effects of incor-
poration of starch nanoparticles on the frequency sweep and
creep-recovery behaviors of starch-based films are not reported
previously. As the understanding of the frequency dependence of
viscoelastic and creep-recovery behaviors of starch film is impor-
tant, we are reporting these behaviors in this manuscript.

The experimental time frame affects the creep behavior and the
short-time and long-time creep strain and creep compliance are
quite different. However, long-term creep behavior is not easy to
be measured due to limitations in instrument as well as in the mate-
rial. In this regard, the time-temperature superposition (TTS) is one
of the most important methods which could predict the long-time
creep using the short-term creep values obtained at higher or lower
temperatures (Shaito, 2008; Urzhumtsev, 1975; Weick, 2006). The
TTS is commonly used to study the long-term creep of polymeric
films (Chevali, Dean, & Janowski, 2010; Patra, Salerno, Diaspro, &
Athanassiou, 2011; Xu, Wu, Lei, & Yao, 2010). However, the appli-
cation of TTS for the prediction of long-term creep in starch films
with and without starch nanoparticles is not reported.

Therefore, we aimed at investigating the frequency sweep and
creep-recovery behavior of starch films with and without starch
nanoparticles. We also attempted to predict the long term-creep
of starch films in the presence and absence of starch nanoparticles
using TTS. The effect of addition of spray dried and vacuum freeze
dried nanoparticles in the starch films was also evaluated. The mod-
eling of the frequency dependence of elastic and loss modulus data

was carried out using Power law model. Similarly, the creep strain
versus time data of the films was modeled using Burger’s model.

2. Materials and methods
2.1. Materials

Corn starch was obtained from Hebei Zhangjiakou Yujing Food
Co. Ltd. (Hebei, China). Glycerol (analytical grade) was purchased
from Beijing Chemical Reagent Ltd. (Beijing, China). Xylitol (food
grade) was purchased from Tianjin Jinguigu Science & Technol-
ogy Development Co. Ltd. All of these materials were used without
further purification.

2.2. Preparation of starch nanoparticles

Starch nanoparticles were produced following the emulsion
cross-linking method based on the emulsion cross-linking technol-
ogy using a high pressure homogenizer. This method was presented
in detail in our previous paper (Shi et al., 2011). Spray drying and
vacuum freeze drying were used to remove the water and convert
the nanoparticles in dry particulate form. Spray drying was carried
out at inlet temperature of 100 °C, outlet temperature of 56 °C and
feed flow rate of 5.4 mL/min. In vacuum freeze drying, the samples
were frozen for 5 h at —60 °C and subsequently dried for 28 h vary-
ing the temperature from —30°C to 45 °C. The vacuum during the
freezing drying was maintained at <100 Pa. The details of these dry-
ing methods were also presented in our previous paper (Shi et al.,
2011).

2.3. Preparation of film-forming solutions

The films were produced from the film-forming solution using
a casting technique (Fu, Wang, Li, Wei, & Adhikari, 2011). Specifi-
cally, 7.0 g of pre-dried corn starch and 3.0 g of plasticizers (glycerol
and xylitol, 1:1) were added into 200 mL deionized water to form
starch-plasticizer dispersions. The total solid content of these dis-
persions was maintained at 5.0 wt.% (w/v). The dispersion batches
were thoroughly stirred at 300rpm (in beakers) for 1h using a
thermostated water bath in boiling condition. Evaporation was
minimized by covering the beakers with six layers of water-
resistant film. When these dispersions were fully gelatinized, they
were cooled to 70°C and 0.5wt.% (w/v) starch nanoparticles was
added. These dispersions containing starch nanoparticles were fur-
ther stirred at 300 rpm for 30 min. The dispersions which did not
contain the starch nanoparticles severed as the control sample.

2.4. Film casting and drying

Films were cast by syringing 8 mL of the above mentioned dis-
persions into 9cm diameter polycarbonate petri dishes and then
dried for over 8 h at 45°C. These dried films were conditioned in
controlled humidity chambers (25 °C, RH=53%) until further test-
ing. The nomenclature of these films is referenced in Table 1.

2.5. Frequency sweep tests

A dynamic mechanical analyzer (DMA, Q800, TA Instruments,
New Castle, DE) was used to carry out the frequency sweep tests on
all the films. The film for DMA analysis was cut into 50 mm x 10 mm
strips (thickness =0.1-0.5 mm). The film strip was then clamped to
the DMA furnace at both ends and the actual gap between both
ends was measured. After equilibrating at 35.00°C for 2 min, the
frequency sweep tests were performed at a frequency range of 0.1
to 100 Hz at a strain of 0.05% and a preload force of 0.01 N. Stor-
age modulus (G'), loss modulus (G”) and tan§ were determined
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Table 1

Power law modeling parameters of frequency sweep results of starch film in the absence and presence of starch nanoparticles.f
Film type Composition (except starch) K (Pas™) n R? K" (Pas™) n” R?
B Film Control sample 1243.463 + 25.008° 0.091 + 0.0072 0.798 94.258 + 1.9282 0.096 + 0.0072 0.791
S Film Spray dried starch nanoparticles 1559.477 + 33.437° 0.095 + 0.008? 0.797 160.293 + 2.842P 0.111 + 0.006° 0.881
F Film Vacuum Freeze dried starch nanoparticles 1907.786 + 34.806¢ 0.094 + 0.0072 0.836 184.005 + 2.785¢ 0.116 £ 0.005% 0.918

 Values represent the mean + standard deviation of triplicate tests. Values in a column with different superscripts were significantly different (p <0.05).

and plotted against the frequency. All of these measurements were
carried out in triplicate and the average values were reported.

2.6. Creep-recovery tests

The creep-recovery behavior of the starch films with or with-
out incorporation of starch nanoparticles was determined using a
dynamic mechanical analyzer (DMA, Q800, TA Instruments, New
Castle, USA). The films used in these DMA tests were cut into
50 mm x 10 mm strips (thickness, 0.1-0.5 mm). The film strip was
then clamped to the DMA furnace at both ends and the actual gap
between both ends was measured with a small preload force of
0.001 N. After equilibrating at 35°C for 2 min, the film samples
were pressurized using a stress of 2 MPa for 5 min and then were
recovered for 5min by removing the stress. The strain and creep
compliance J(t) were recorded.

2.7. Time-temperature superposition (TTS)

Time-temperature superposition (TTS) was used to pre-
dict long-term creep deformation of the starch films in the
presence and absence of starch nanoparticles from the accel-
erated testing data at different temperatures and the master
curves were constructed (Xu, 2009). Specifically, starch films
(50mm x 10 mm x 0.1-0.5 mm) with and without starch nanopar-
ticles were clamped into the DMA furnace at both ends and the
actual gap between both ends was measured with a small preload
force of 0.001 N. After equilibrated at each test temperature (30°C,
50°C, 70°C, and 90°C) for 2 min, the creep tests were conducted
on the film samples at a stress of 2 MPa for 5 min. The creep data
of strain versus time at different temperatures were recorded and
plotted.

The master curve was generated by shifting the above creep
curves obtained at different temperatures (30°C, 50°C, 70°C, and
90°C) horizontally along the logarithmic time axis. The shifting
factor was calculated using the Arrhenius equation [Eq. (1)] (Xu,
20009).

Ea/1 1
log aT=ﬁa(f*Tfo) (1)

where E, (k]/mol) represents the activation energy, R (JK~1 mol~1)
is the universal gas constant, Ty is the reference temperature (K),
and Tis the temperature at which the test is performed (K). Regres-
sion analysis was performed on the experimental data to fit Eq.
(1). The statistical package SPSS was used to determine the activa-
tion energy (E,) and the associated correlation coefficient (R?) was
also determined. Master curves of creep strain versus time of all
the tested films were prepared for a long time scale (over 20 days).
90°C was used as the reference temperature (T¢) for this purpose.

2.8. Statistical analysis

All of these rheological measurements were carried out in trip-
licate. The experimental rheological data were obtained directly
from the Universal Analysis 2000 data analysis software (TA Instru-
ments Ltd., New Castle, DE). The averaged value of triplicate runs
was reported along with the standard deviation.

Duncan’s multiple comparison method was used to determine
the significance using the SAS software (SAS Institute Inc., Cary, NC,
USA). A confidence level was set at P<0.05.

3. Results and discussion
3.1. Morphology of the films

The morphology of three starch films (films containing spray
and vacuum freeze dried starch nanoparticles and the control) and
starch nanoparticles obtained through SEM are presented in Fig. 1.
As can be seen from this figure, the surface of starch film in the
absence of starch nanoparticles is smooth perhaps due to plasti-
cization effect of glycerol. The surface morphology of the starch
films containing starch nanoparticles (Fig. 1B and C) shows greater
roughness due to the presence of many protuberances or particles.
Based on the size and morphology of starch nanoparticles in Fig. 1D
andE, it can be reasoned that these protuberances are resulted from
the presence of starch nanoparticles because the only difference in
these films is the presence or absence of starch nanoparticles. It can
also be seen from Fig. 1 (panel B and C) that the method of prepa-
ration of the starch nanoparticles (spray drying or vacuum freeze
drying) does not seem to introduce discernible difference in the
surface morphology of the starch films.

3.2. Analysis of frequency sweep tests

Fig. 2 shows the frequency dependence of storage modulus
(G), loss modulus (G”) and tané of starch film with and with-
out starch nanoparticles. As can be seen from this figure, the
storage modulus values of all the films are higher than the cor-
responding values of loss modulus over the entire frequency range
studied (0.1-100rad/s). These observations suggest that these corn
starch films exhibit dominant elastic behavior (than viscous behav-
ior) whether or not the starch nanoparticles are present (Cespi,
Bonacucina, Mencarelli, Casettari, & Palmieri, 2011). In all of these
films, the storage and loss modulus increase slowly and tan § varies
slightly when the angular frequency increases. The very weak fre-
quency dependence of G/, G” and tané in these films suggests that
these films have glassy consistency (Cespi et al.,2011).It can also be
seen from Fig. 2 that the addition of starch nanoparticles in starch
film results into the increase in storage modulus, loss modulus and
tané quite significantly (P<0.05) over the entire frequency range
studied (0.1-100rad/s). However, at the same frequency range
(0.1-100rad/s), the starch nanoparticles obtained from spray and
vacuum freeze drying methods do not show significant (P>0.05)
difference in loss modulus and tané although the storage mod-
ulus is significantly (P<0.05) affected. The starch film containing
vacuum freeze dried starch nanoparticles has higher value of stor-
age modulus compared to the films containing spray dried starch
nanoparticles over the entire frequency range studied. Amongst the
films tested, the film containing spray dried starch nanoparticles
shows the highest value of tan§. This illustrates that the presence
of starch nanoparticles in starch films can enhance both the elas-
tic and viscous behavior. The increase of tand suggests that the
viscous component is affected to a greater extent (than the elas-
tic component) when the nanoparticles are incorporated in starch
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$3400 30.0kV 19.9mm x15.0k SE 1

Fig. 1. SEM microphotographs of starch nanoparticles and starch films with or without starch nanoparticles. Panel A represents B film; panel B represents S film; panel C
represents F film; panel D represents spray dried starch nanoparticles; and panel E represents vacuum freeze dried starch nanoparticles.

films suggesting that the films containing nanoparticles will have
higher flexibility compared to the starch-alone (control) films. This
might be due to the fact that the starch nanoparticles could fill the
possible voids or free spaces in the structure of the film and also
serve as lubricating agent (Wu et al., 2009). Starch nanoparticles
have higher rigidity compared to the common plasticizers (such as
glycerol and xylitol), and hence, the presence of these nanoparticles
can result into films with higher strength (storage modulus). At the
same time the starch nanoparticles have similar hydrophilic groups
as in starch molecules which can potentially increase the number of
intermolecular hydrogen bonds (loss modulus). The integral effect
of the above mutually opposing phenomena is that the increase
or variation in tand is quite small and steady which resulted into
small increase in loss and storage modulus within the frequency
range tested (1-100rad/s).

Power law models represented by Eqs. (2) and (3) were used to
analyze the frequency dependence of G’ and G” (Tselev et al., 2004).

/

G =K -o" 2)

G =K. a)n” (3)

where K’ and K” are Power law constants and reflect the elastic
and viscous properties, respectively. n’ and n” are referred to as the
frequency exponents and w is the angular frequency (rad/s).

The Power law parameters of G’ and G” for these suspensions
are presented in Table 1. As can be seen from this table, the regres-
sion coefficients of G’ and G” are around 0.79-0.91 which suggests
that the Power law model can basically represent the experimen-
tal G’ and G” data. The K’ values of all these films are higher than
the K” values (at the same angular frequency), indicating that the
starch film with and without starch nanoparticles displays higher
elastic effect than viscous effect within the frequency range of
0.1-100rad/s (Cespi et al., 2011). This observation corroborates
well with the fact that the tané of all the film were always very
low (0.05-0.25). Furthermore, the starch films containing starch
nanoparticles have higher K’ and K” values compared to the starch-
only control film which is also in accord with the results presented
in Fig. 2. The films containing the starch nanoparticles have higher
storage and loss modulus values than those of the starch-only film.
The starch film containing vacuum freeze dried starch nanopar-
ticles exhibits higher K’ and K” values compared to that of the
film containing spray dried starch nanoparticles which agrees with
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Fig. 2. The variation of (A) storage modulus, (B) loss modulus and (C) tan§ with
angular frequency of the starch films in the absence or presence of starch nanopar-
ticles.

the data presented in Fig. 2. These observations suggest that the
presence of starch nanoparticles can enhance both the elastic and
viscous components of starch film while the vacuum freeze dried
starch nanoparticles bring about the greater impact. The n’ and
n” values of all the films are close and the difference is statisti-
cally insignificant (P> 0.05). These observations indicate that these
starch films in the presence or absence of these nanoparticles have
similar frequency sensitivity.

3.3. Analysis of creep-recovery behavior

The creep-recovery behavior of starch films in the absence
and presence of starch nanoparticles is presented in Fig. 3. As can
be seen from Fig. 3A, creep behavior of the films in the absence
and presence of the nanoparticles is quite different. Starch films
containing nanoparticles (irrespective of drying methods used)
show significantly higher strain values compared to that of the
starch-only (control) film over the entire creep and recovery time
frame. These results further support the earlier observations that
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Fig. 3. Creep-recovery versus time of starch films in the absence and presence of
starch nanoparticles. Panel A represents the creep-recovery curves and panel B
represents the creep compliance versus time curves.

the presence of starch nanoparticles increases the magnitude of
both the elastic and viscous components of starch films. From
Fig. 2, the values of elastic modulus were larger than that of
viscous modulus which could illustrate the dominant of elastic
deformation in starch films with starch nanoparticles. At the same
creep stress, starch films containing starch nanoparticles showed
higher elastic deformation than the control film. The loss of viscous
modulus during the deformation period is much higher in starch
films containing starch nanoparticles compared to the starch-only
(control) film. This fact explains the observation that in the recov-
ery stage, starch films containing starch nanoparticles show higher
plastic deformation (Dp) as well as viscous deformation (Dy) as
shown in Fig. 3. The starch film containing vacuum freeze dried
starch nanoparticles exhibits higher stable strain (the end of creep
process) than the film containing spray dried starch nanoparticles.
Fig. 3B shows the creep compliance data of starch films in the
absence and presence of starch nanoparticles. It can be seen from
this figure that in creep stage, all of these films can achieve stable
creep compliance values and that the presence of starch nanoparti-
cles increases the magnitude of creep compliance data. In addition,
the starch film containing the vacuum freeze dried starch nanopar-
ticles shows higher magnitude of stable creep compliance data
compared to the film containing spray dried starch nanoparticles
just as was observed in creep and recovery behavior (Fig. 3A).

The 3-parameter Burger’s model [Eq. (4)] was used to predict the
creep recovery behavior of these films (van der Vegt, 2006, Chap-
ter 6). In Eq. (4), the first term is a constant and does not change
with time; the second term represents the early stage of creep, but
reaches the highest strain value very fast. The third term represents
the trend in the creep behavior in a sufficiently long time.

o o o
s:ﬁJri(l—et/f)Jrn—&xt (4)
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Here, ¢ represents the strain (%) of suspension, t represents the
time (s) after loading. o represents the stress loaded (MPa), Ey
and ny are the modulus (MPa) and viscosity (MPa s) of the Maxwell
spring and dashpot, respectively. Similarly, Ex and ng are the mod-
ulus (MPa) and viscosity (MPas) of the Kelvin spring and dashpot,
respectively. Similarly, T =ng/Ek is the time taken to recover 63.2%
or (1-e~1)of the total deformation in the Kelvin unit. The parame-
ters Ey, Ex, 1M, and T were obtained from fitting the experimental
data to Eq. (4) with SPSS 16.0 (SPSS Inc., Chicago, USA).

Table 2 presents the values of the above mentioned four param-
eters for test films. As can be seen from this table, the Burger’s
model fits the experimental strain versus time data reasonably well
(R?>0.96). Specifically, starch film containing spray dried starch
nanoparticles shows the highest Ey; value while other two films
exhibit relatively lower Ey; values. The time independent term in
Eq. (4) represents the instantaneous elastic deformation (og/Enm)
(Wang & Zhao, 2008). As the value of Ey; (over 106 MPa) is much
higher than the loaded stress (2 MPa), the data presented in Table 2
indicate that the starch films with and without starch nanoparticles
have negligible instantaneous deformation.

The starch films containing starch nanoparticles show lower Eg
values than the control film (Table 2). The films containing spray
dried and vacuum freeze dried starch nanoparticles have almost
similar Egx values (P>0.05). All of these films show almost simi-
lar retardation time (t) values (P>0.05). In addition, starch-only
film showed the highest ny; value while the film containing vac-
uum freeze dried starch nanoparticles have the lowest 7y value.
Here, Ex and ng (t=nk/Ex) are associated with the stiffness and
viscous or flow orientation of amorphous polymer chains in short
time frame (Wang & Zhao, 2008). Hence, during the creep-recovery
phase, the presence of starch nanoparticles enhances the orienta-
tion of amorphous chains including elastic deformation and viscous
flow which results into lower Ex and ni and lower recovery rate as
shown in Table 2. However, the close T values in these films suggest
that the rate of decrease of Ex and ny is almost the same. Besides,
the permanent viscous flow parameter 7y indicates that the creep
behavior in the second creep stage might be due to the damage
in the crystalline structure of the polymer or damage in the struc-
tural orientation of the non-crystalline regions and the irreversible
deformation in amorphous regions (Wang & Zhao, 2008). The pres-
ence of starch nanoparticles seemingly decreases such effect and
this can explain why the decrease in the 1)y value has occurred.

Based on the Burger’s model, the creep rate (¢’) can be calculated
by using Eq.(5) which was the derivative of Eq. (4) (7 = nk/Ex) (Wang
& Zhao, 2008).

ey de(t) oo —t/r, 00
£ dt e C * M )
The creep rate will asymptotically reach a constant value in the
stable creep stage (t=o0) as shown in Eq. (6).

oy de(t) _ 00
)= T | =

The ¢'(o0) for these three films are presented in Table 2. As can be
seen from this table the final creep rate &'(c0) is increased signifi-
cantly when the starch nanoparticles are incorporated in the starch
films which also reflect on the changes occurring in the internal
structure of starch film due to the presence of nanoparticles.

(6)

3.4. Analysis of time-temperature superposition (TTS)

The creep behavior (strain versus time) of the test films at dif-
ferent temperatures is presented in Fig. 4 using a logarithmic scale.
This figure shows that the creep strain decreases with the increase
in temperature (30-90°C) in all these starch films. It can also be
seen from Fig. 4 that the presence of starch nanoparticles more
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Fig. 4. The variation of creep strain with time presented in logarithmic scale in
the presence and absence of starch nanoparticles different temperatures. Panel A
represents B film; panel B represents S film; and panel C represents F film.

effectively reduces the creep strain of the films. This observation
suggests that the presence of starch nanoparticles enhances the
temperature sensitivity of starch films (Martucci, Ruseckaite, &
Vazquez, 2006).

Fig. 5A presents the TTS master curves for a 20 day period based
on the shift factor presented in Fig. 5B. These master curves were
constructed using 90°C as reference temperature. As can be seen
from Fig. 5A, the starch films in the absence of starch nanoparti-
cles show the lowest creep resistance. This figure shows that the
presence of starch nanoparticles enhances the creep resistance of
the starch films. It can further be seen from Fig. 5A that the there
is significant difference in the creep resistance between the films
containing spray dried and vacuum freeze dried starch nanopar-
ticles in a longer time frame. The control starch film exhibits the
lowest creep rate which is due to the fact that the films contain-
ing starch nanoparticles had higher temperature sensitivity (Xu,
20009).

The temperature dependence of the shift factors is represented
well by the Arrhenius equation [Eq. (1)] with R%>0.97 as shown in
Fig. 5B. The calculated activation energy (E,) values for these starch
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Table 2

Burger’s modeling parameters of creep-recovery behavior of starch films in the absence and presence of starch nanoparticles.f

Film type Em (x10°% MPa) Ex (MPa) 7(s) nw (MPas) R? & (00) (x1073s71) Recovery rate (%)
B Film 8.58 + 1.822° 1.171 + 0.0562 2.490 + 0.340° 1672.098 + 365.010? 0.965 1.196 76.57
S Film 86.578 + 3.236° 0.776 + 0.012P 1.576 + 0.2632 904.403 + 118.420° 0.980 2.211 46.68
F Film 15.413 + 8.749? 0.775 + 0.042° 2.211 £ 0.329? 598.653 + 71.938¢ 0.969 3.341 54.55

f Values represent the mean + standard deviation of triplicate tests. Values in a column with different superscripts were significantly different (p <0.05).

films are summarized in Table 3. As can be seen from this table,
the presence of starch nanoparticles has significantly (P<0.05)
increased the activation energy of the films. Specifically, the starch
film with spray dried starch nanoparticles has the highest value of
activation energy (81.745 kJ/mol) while the control sample has the
lowest one (62.960 kJ/mol). This can be attributed to the fact that

higher energy was required to increase the mobility of the starch
molecules in films containing starch nanoparticles (Yang, Zhang,
Schlarb, & Friedrich, 2006). The higher elastic and viscous modu-
lus values in the films containing starch nanoparticles (Fig. 2) can
be another reason that would consume more energy during creep
tests.
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Fig.5. The time temperature superimposition (TTS) master curves of creep, shift factor and TTS predicted creep behavior (over 20 days) for the starch films in the absence and
presence of starch nanoparticles. Panel A: TTS master curves for all films; panel B: temperature dependence of shift factor (Arrhenius equation); panels C-E: TTS predicted

creep for B film, S film and F film.
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Table 3
The activation energy (E,) values calculated using Arrhenius equation for starch
films in the absence and presence of starch nanoparticles.t

Film type E (kJ/mol) R?

B Film 62.960 + 0.503? 0.973
S Film 81.745 + 0.037° 0.999
F Film 76.486 + 0.031¢ 0.996

f Values represent the mean + standard deviation of triplicate tests. Values in a
column with different superscripts were significantly different (p <0.05).

Finally, the TTS predicted creep strain values of all the tested
films for a duration of over 20days at 90°C are presented in
Fig. 5C-E. It can be seen from this figure that the TTS method shows
that the films containing starch nanoparticles allow prediction of
creep behavior a longer period (around 107 s) than the starch only
control films (around 106 s). At the longer time frame, both the
trend and magnitude (P>0.05) of creep strain of the films con-
taining both types of starch nanoparticles are similar. Fig. 5C-E
further illustrates the effect of starch nanoparticles on the internal
structure of starch film containing such particles.

4. Conclusions

The frequency sweep and creep behavior of starch film with and
without starch nanoparticles were investigated. The results from
frequency sweep tests showed that the starch-only film exhib-
ited dominant elastic behavior (than viscous behavior) while the
presence of starch nanoparticles increased the storage modulus,
loss modulus and tan § quite significantly (p <0.05) over the entire
frequency range studied (0.1-100rad/s). Power law model was
found to basically fit the frequency dependence of elastic and vis-
cous modulus (R2 >0.79). The presence of the starch nanoparticles
affected the Power law parameters significantly. The incorporation
of starch nanoparticles in starch film was found to significantly
increase the creep strain, creep compliance and creep rate at long
time frame. The effect of spray and vacuum freeze dried starch
nanoparticles on the creep strain, creep compliance and creep rate
atlong time frame was not different statistically. The Burgers model
predicted the experimental creep data reasonably well (R% >0.96).
The parameters of the Burger model were also affected by the addi-
tion of starch nanoparticles. The rate of creep recovery of starch
film was reduced due to the presence of starch nanoparticles. The
TTS method was successfully used to predict the creep behavior of
these films for longer time frame (over 20 days). The temperature
dependence of shift factor was successfully predicted using Arrhe-
nius equation. The TTS master curves (for over 20 days) showed that
the incorporation of starch nanoparticles increased the activation
energy of the starch films and made the film less sensitive to the
temperature. The TTS master curves of the films containing spray
dried and vacuum freeze dried starch nanoparticles were similar
both in magnitude and the trend.
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