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a b s t r a c t

Thermoplastic starch–silica (SiO2) PVOH composite films were created via a reactive extrusion process
using tetraethyl orthosilicate (TEOS) as a precursor. Reaction efficiency was determined by X-ray fluores-
cence measurement of film Si content and was observed to improve with increasing TEOS concentration.
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Films with high SiO2 content were noted to have varying morphology and some SiO2 clusters. Mechan-
ical properties of the starch composite films were enhanced by even a small amount of SiO2. Tensile
strength and Young’s modulus increased, while elongation at break decreased with increasing SiO2 con-
tent. Dynamic mechanical analysis results showed that the starch–silica composite storage modulus
increased and the loss modulus decreased with increasing SiO2 content.
omposite
eactive extrusion

. Introduction

Starch based thermoplastics are used in a range of film, film and
ackaging applications ranging from chocolate trays to agricultural
overings. Thermoplastic starch materials can be made from starch
nd chemically modified starch (De Graaf, Karman, & Janssen, 2003;
yllarinen, Buleon, Lahtinen, & Forssell, 2002; Rindlav-Westling,

tading, Hermansson, & Gatenholm, 1998; Yu, Dean, & Li, 2006).
Chemically modified starches are used in film production to

nhibit retrogradation. Retrogradation is one of the causes of stal-
ng in breads and starch based foods, and involves the slow
e-coiling of gelatinized amylose and amylopectin molecules back
nto their native helical arrangements or into a new, single helix
onformation, the so called ‘V’ type structure (Gudmundsson,
994).

Retrogradation in thermoplastic starch materials is undesir-
ble as it imparts brittleness and a loss of optical clarity (Karim,
orziah, & Seow, 2000). A common chemically modified starch

s hydroxypropylated starch. Hydroxypropylated starches are cre-
ted through reaction with propylene oxide, which substitutes
ydroxypropyl groups onto starch hydroxyls (De Graaf & Janssen,
002). Hydroxypropylated starch produces thermoplastic films

hat are more flexible (Lafargue, Buléon, Doublier, & Lourdin, 2007).
oly(vinyl alcohol) (PVOH) can be readily blended with a hydrox-
propylated starch, and starch PVOH blends have been proven to
ave better tensile strength and elongation than pure starch films
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(Lu, Xiao, & Xu, 2009), and the blend ratio and PVOH molecular
weight can be adjusted to create desired mechanical properties
(Fishman & Coffin, 2006; Mao, Imam, Gordon, Cinelli, & Chiellini,
2000).

Mechanical properties of polymers can also be altered by dis-
persing a second phase (e.g. fibers or particulates) through a
primary phase. Composites with a nano-sized second phase show
enhanced performance even at low filler volume fractions (Wetzel,
Haupert, Friedrich, Zhang, & Rong, 2004).

The most common nano-fillers used to enhance mechanical
properties in starch films are layered silicates or clays. These
provide enhanced mechanical strength at low volume fractions
provided that the nano-filler is well dispersed (Ray & Bousmina,
2005).

Another common nano-filler is silicon dioxide (silica or SiO2).
Shangwen Tang et al. reported that inclusion of dry powdered
SiO2 particles in starch–PVOH films increased tensile strength at
break and improved water barrier properties (Tang, Xiong, & Tang,
2008). HanGuo Xiong et al. reported improved mechanical proper-
ties, transmittance, and water resistance of starch films containing
nano-SiO2 particles (Xiong, Tang, & Zou, 2008). Dispersion and mix-
ing of silica particles requires high shear or ultrasonic mixing and
nano-SiO2 starch experiments have only been reported on a lab-
oratory scale, typically by casting films from solution (Tang, Zou,
et al., 2008; Wu, Wang, & Ge, 2009).

Silica particles can be prepared in situ within a hydrophilic

polymer such as starch by the hydrolysis and condensation of
alkoxysilanes in a mixture of water, alcohol and base catalyst.
The most commonly used alkoxysilane is tetraethyl orthosilicate
(TEOS). Because water and alkoxysilanes are generally immiscible,
a mutual alcohol solvent such as ethanol is normally used to com-
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Table 1
Axon B12 extruder temperature zone settings (◦C).
44 K. Frost et al. / Carbohydra

atibilise the two (Klein, 1985). The choice of alcohol can have an
ffect on silica morphology. Silica particle size has been shown to
ncrease with increasing molecular weight of the alcohol solvent;
thanol remains the preferred co-solvent due to small flocculation
article size and reduced silicon dioxide aggregate size after drying
Harris, Brunson, & Byers, 1990).

Alkoxysilane hydrolysis occurs by a nucleophilic mechanism.
n basic conditions, water dissociates to produce hydroxide ions,

hich then attack the silicon atom. When the hydroxyl groups
eplace an alkoxyl group, the electron density of silicon is
educed, accelerating the hydrolysis rate of the other attached
lkoxyl groups (Schmidt, Scholze, & Kaiser, 1984). Thus the rate
imiting step in the reaction is hydrolysis of the first alkoxyl
roup, after which the hydrolysis proceeds rapidly producing
ilicic acid (Si(OH)4) (Matsoukas & Gulair, 1988; Matsoukas &
ulari, 1989). After water is removed, the silicic acid condenses

nto silicon dioxide (SiO2). The overall reaction can be written
s:

i(OR)4 + 4H2O → Si(OH)4 + 4ROH

Si(OH)4 → nSiO2 + 2nH2O

Though the reaction of TEOS to SiO2 appears simple, catalyst
hoice and concentration will vary SiO2 morphology (Fuchigami,
aguchi, & Tanaka, 2008). The kinetics of TEOS to SiO2 conversion
as been widely studied, with resulting kinetic constants vary-

ng from author to author (Bailey & Mecartney, 1992; Bogush &
ukoski, 1991; Harris et al., 1990). Acid catalysis is much faster than
ase catalysis (Nagao et al., 2004). TEOS condensation reactions can
orm either large branched silica networks or small silicate particles
epending on whether an acid or a base catalyst is used (Brinker,
988).

Under base-catalysed conditions, the amount of silica formed is
ess than the amount of TEOS consumed, due to incomplete con-
ersion of intermediate species such as silicic acid. Base-catalysed
ilica condensation is believed to involve the attack of a nucleophilic
de-protonated) silanol on a neutral silicic acid, thus agglomer-
te formation is dependent on silanol/silicic acid molecules being
ithin close spacial proximity (Chen, Dong, Yang, & Yang, 1996).
ase-catalysed TEOS condensation creates spherical silica agglom-
rates which impart different mechanical properties to the matrix
nto which they are incorporated.

The use of TEOS as a precursor to SiO2 has enhanced
echanical properties in many different polymers, including

oly(acrylonitrile-co-butadiene-co-styrene) (ABS), poly(butylene
erephthalate) (PBT), poly(ethylene) (PE), poly(methyl

ethacrylate) (PMMA), poly(styrene-co-butadiene) rubber
nd poly(tetrafluroethylene) (PTFE, Teflon) (Barus, Zanetti,
azzari, & Costa, 2009; Chen, Tsai, & Lee, 2004; Chinthamanipeta,
obukata, Nakata, & Shipp, 2008; Gauthier, Reynauda, Vassoillea,

Ladouce-Stelandre, 2004; Hsu & Lin, 2000; Jiang et al.,
008).

SiO2 can be incorporated into starch as a dry powder, or formed
rom TEOS via the sol–gel process then mixed into a starch slurry,
nd then solution cast. Alternatively thermoplastic starch compos-
tes with SiO2 may be produced via reactive extrusion. Reactive
xtrusion has been used to produce hydroxypropylated starch,
tarch succinates, carboxylic acid modified starches and starch
hosphates (Carvalho, Zambon, da Silva Curvelo, & Gandini, 2005;

e Graaf & Janssen, 2002; O’Brien, Wang, Vervaet, & Remon, 2009;
ang, Shogren, & Willett, 1997).
TEOS, hydroxypropylated starch, PVOH and a base catalyst

NH3) were combined in a reactive extrusion process to investigate
lm mechanical properties of starch–silica PVOH composites.
Zone 1 Zone 2 Zone 3 Zone 4

60 90 80 70

2. Materials and methods

Eco FilmTM, a high amylose (80%), hydroxypropylated starch (DS
0.17) was supplied by National Starch (US). PVOH (Elvanol 71-30)
was supplied by DuPont Australia. TEOS and catalysts were pur-
chased through Sigma Aldrich.

2.1. Preparation of materials using single screw extrusion

Starch batches (300 g) were prepared containing 3.5% (w/w)
of TEOS, 10% (w/w) ethanol, 10%(w/w) PVOH and slurried using
310 ml of water. Ammonia, hydrochloric acid and sodium hydrox-
ide were added as catalysts at 0.001, 0.01, 0.1 and 1 M in the starch
slurry. The control was also made to a total mass of 300 g incorpo-
rating 10% (w/w) PVOH, 3.5% (w/w) TEOS and slurried with 330 ml
of water. The slurries were then extruded using an Axon B-12 single
screw extruder producing a single 6 mm strand which was pel-
letised. Films were formed through the hot-pressing of pellets using
20 tons of pressure at 120 ◦C for 5 min. Table 1 displays the Axon
B-12 extruder settings.

2.2. Preparation of materials using twin screw extruder

Film was prepared on a twin screw, co-rotating Entek 27
extruder. TEOS, ammonia [0.01 M], water and ethanol were added
as a liquid feed (6.1 kg/h). Solid powders were added at 9.1 kg/h.
Ethanol concentration in both the single screw and twin screw
reactive extrusion experiments was fixed at 10% (w/w), as this was
deemed the maximum safe concentration allowable in an extrusion
environment by and independent occupational health and safety
risk assessment. For experimental simplification, TEOS was added
in amounts to create approximate silica dioxide film contents of 0,
0.5, 1, 1.5, 2, 2.5 and 3% (w/w) based on the assumption of 100%
conversion of TEOS to SiO2 (Table 2). While 100% conversion has
low probability, the exact conversion rates in a reactive extrusion
environment are not known and could not be readily estimated.

Sheets were extruded using a 620 mm die at a gauge of 250 �m
and collected on roll stacks at 80 ◦C. Sheets were then left to equili-
brate at 23 ◦C and 50% relative humidity prior to mechanical testing.
Table 3 details the Entek 27 parameters used.

2.3. Determination of film SiO2 content by X-ray fluorescence
analysis

A Bruker S4 Pioneer wavelength dispersive X-ray fluorescence
spectrometer was used to determine actual SiO2 content in the
films. Calibration standards were prepared by addition of pure dry
SiO2 to dried starch, which was then re-hydrated and hot pressed
into films of 200, 300 and 600 �m thickness. Calibration equations
did not change with regard to thickness; for silica in graphite, 90%
of the radiation will originate from within 48.9 �m of the surface
(Scholtz & Uhlig, 2002).

2.4. Stress–strain analysis
Stress–strain testing was conducted on an InstronTM 4465 mate-
rials tester using a 5 kN load cell. Samples were tested according to
ASTM D638 using type IV test specimen standards. A strain rate of
2 mm/min was used.
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Table 2
Formulations for thermoplastic starch–silica composites.

Film designation EcoFilm starch (w%) Elvanol 71-30 PVOH (w%) Stearic acid (w%) Ethanol (w%) TEOS (w%) Water (w%)

0% SiO2 66.1 7.6 0.1 7.3 0 18.9
0.5% SiO2 65.7 7.6 0.1 7.3 0.4 18.9
1% SiO2 65.4 7.6 0.1 7.3 0.7 18.9
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1.5% SiO2 65.0 7.6
2% SiO2 64.6 7.6
2.5% SiO2 64.3 7.6
3% SiO2 63.9 7.6

.5. Dynamic mechanical testing

Storage and loss modulus for starch materials were measured
sing a Perkin Elmer Diamond DMA at a constant temperature of
5 ◦C with an applied frequency of 1 Hz, and results averaged over
ve replicates.

.6. Film morphology using environmental scanning electron
icroscopy (ESEM)

Film SiO2 morphologies were examined using a FEI Quanta
00 environmental scanning electron microscopy (ESEM) with
DAX Si(Li) X-ray detector. Presence of Si in films was con-
rmed using the ESEM EDAX attachment. A high vacuum was
sed along with a generator setting of 30 kV and spot size
f 3. Use of generator settings above 30 kV caused sample
egradation to occur before a high resolution image could be
btained. Films were lightly etched in 1 M HCl and dried before
nalysis.

. Results and discussion

.1. Films produced using single screw extrusion

To examine the effects of catalyst choice and concentration on
tarch–PVOH film morphology, and to determine an optimum cata-
yst concentration for twin screw extrusion, starch composite films

ere prepared using a fixed concentration of TEOS, PVOH and
thanol, with varying acid and base concentrations. For experimen-
al simplicity TEOS concentration was initially fixed at 3.5%, under
he assumption that the full conversion of 3.5% (w/w) TEOS (Mr
08.33) to SiO2 (Mr 60.09) would yield approximately 1% (w/w)
iO2 film content. The in situ creation of SiO2 in starch–PVOH
lms within the range of 0–3% (w/w) was considered achiev-
ble for larger scale twin screw extrusion. Previous literature on
tarch–silica PVOH composites also suggests that a morphological

able 3
ntek 27 extrusion parameters.

Parameter Set value

Screw speed 300 RPM
Zone 1 temp 40 ◦C
Zone 2 temp 70 ◦C
Zone 3 temp 80 ◦C
Zone 4 temp 90 ◦C
Zone 5 temp 95 ◦C
Zone 6 temp 120 ◦C
Zone 7 temp 135 ◦C
Zone 8 temp 135 ◦C
Zone 9 temp 130 ◦C
Zone 10 temp 120 ◦C
Zone 11 temp 110 ◦C
Zone 12 temp 90 ◦C
Die Zone 1 temp 110 ◦C
Die Zone 2 temp 120 ◦C
Die Zone 3 temp 120 ◦C
Die Zone 4 temp 110 ◦C
0.1 7.3 1.1 18.9
0.1 7.3 1.5 18.9
0.1 7.3 1.8 18.9
0.1 7.3 2.2 18.9

and mechanical optimum in found between 1 and 3% (w/w) SiO2
film content (Tang, Xiong, et al., 2008; Tang, Zou, et al., 2008; Wu
et al., 2009).

Image 1
a through to Image 1i display the examples of morphologies

found in samples produced using the Axon B12 extruder with a
fixed content of 3.5% (w/w) TEOS and varying types and concentra-
tions of catalyst.

Acidic (HCl) conditions produced needle like SiO2 crystals
(Image 1a and b) whereas basic conditions produced spherical SiO2
agglomerates (Image 1d, e, f, h and i). After one week, acid-catalysed
films stored at 23 ◦C and 50% RH began to degrade due to acid
hydrolysis of starch (Image 1c). Sodium hydroxide catalysis turned
films brown. The brown taint was noted to deepen in colour with
increasing sodium hydroxide concentration. Ammonia catalysed
films did not display any browning. Low concentrations of basic
catalysts (0.001 M) did not increase the natural pH of starch slur-
ries above pH 7 and a variety of morphologies was observed in
these films, ranging from spherelites to needles and chain growth
(see Image 1g). Base-catalysed SiO2 agglomerates ranged from 20
microns to <1 micron in diameter and were evenly distributed. The
effect of catalyst concentrations above 0.01 M had no further effect
on agglomerate morphology.

Films prepared without ethanol produced fewer SiO2 particles
(Image 1f). Ammonia (at or above 0.01 M) was selected as the opti-
mal catalyst because it did not cause film browning, produced
similar SiO2 morphology to NaOH catalysed films and did not show
signs of film degradation at up to 8 weeks when stored at 23 ◦C and
50% RH.

3.2. Films produced using twin screw extrusion

Extruded starch molecules, like many semi-crystalline poly-
mers, preferentially align in the direction of extrusion flow (Kaito,
Kyotani, & Nakayama, 2003; Laun, 1984; Lindenmeyer & Lustig,
2003) and thus the transverse direction of the films tends to have
poorer elongation (Honeker & Thomas, 1996; Imada, Yamamoto,
Shigematsu, & Takayanagi, 1971; Zhou & Wilkes, 1998). Due to this
extrusion effect the starch–PVOH control produced using an Entek
27 twin screw extruder displayed a higher elongation and lower
modulus and tensile strength in the machine direction compared
to the transverse direction.

Starch–silica PVOH composite films were prepared on an Entek
27 twin screw extruder using ammonia (0.01 M) as a catalyst, pre-
viously determined as the optimum choice, and varying concentra-
tions of TEOS. Table 4 displays the reaction efficiency results of SiO2
formation versus TEOS addition. The conversion efficiency of TEOS
to SiO2 varied from 12.0 to 41.3%. The highest efficiency (41.3%)
was obtained with the highest addition amount of TEOS and a tar-
get SiO2 of 3% (w/w). The short reaction time during the extrusion

process (approximately 3 min) may have reduced the yield of SiO2.

SiO2 particles were spherical and formed agglomerates between
20 �m and <1 �m in diameter, particles <0.5 �m could not be
observed due to the resolution limitations of the ESEM. Films
with high TEOS content showed large-scale SiO2 clustering. Image
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Table 4
TEOS to SiO2 conversion efficiency.

Desired SiO2% (w/w) TEOS (g) Desired SiO2 (g) in 10 kg SiO2 (g) produced in 10 kg starch Actual SiO2% (w/w) Efficiency %

0.50 173.3 50 6.0 0.06 12.0
1.00 346.7 100 12.0 0.12 12.0

21
28
58

124

2
t
(

3

m

I
h
m
N

1.50 520.0 150
2.00 693.3 200
2.50 866.7 250
3.00 1040.0 300

a shows typical SiO2 dispersion and agglomerate size observed
hroughout all films. Image 2b shows the presence of large clusters
>50 �m) in films prepared using the highest TEOS concentration.
.3. Mechanical property analysis

Fig. 1 shows elongation at break and elongation at yield in
achine and transverse directions for the various SiO2 concentra-

mage 1. (a) SiO2 crystals formed in HCl catalysed (0.1 M) films. (b) Higher magnification
ydrolysis. (d) SiO2 spherelites and agglomerates formed in NaOH catalysed (0.1 M) films
orphology in NaOH catalysed (0.1 M) films with no ethanol. (g) Silica chain growth obse
H3 (0.1 M) catalysed films. (i) Higher magnification of SiO2 agglomerates in NH3 catalys
.5 0.22 14.3

.5 0.29 14.3

.5 0.59 23.4

.0 1.24 41.3

tions ranging from 0 to 1.25% (w/w). Elongation at break decreased
as SiO2 content increased, while elongation at yield remained rel-
atively constant.

Film ultimate and yield stress rose quickly with increasing

SiO2 content, Fig. 2 displays the logarithmic relationship observed
between SiO2 content and tensile properties. At 1% (w/w) SiO2
inclusion machine and transverse tensile strength increased by 65%
with respect to the control. The observed logarithmic trends and

of image 1a. (c) Degraded film (0.1 M HCl) with holes after one month due to acid
. (e) Higher magnification of SiO2 particles in NaOH catalysed (0.1 M) films. (f) SiO2

rved in low (0.001 M) NH3 catalysed film. (h) SiO2 particle size and distribution in
ed (0.1 M) films.
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Image 1

ncrease in tensile strength were similar to results reported by Tang,
ou, et al. (2008).

Young’s modulus of the films also increased with addition of
iO2, in both the machine and transverse directions. The relation-
hip between SiO2 content and film modulus was also observed to
e logarithmic (Fig. 3). At 1% (w/w) SiO2, film transverse modulus
as 350 MPa greater than the control, and the machine modulus
as 110 MPa greater.
.4. Dynamic mechanical analysis (DMA)

Similar to mechanical testing results, DMA storage modulus and
oss modulus displayed logarithmic trends (Fig. 4). As silica content
ncreased the films were able to store more energy resulting in a

Image 2. (a) ESEM of film containing 0.59% w/w SiO2 (b) cl
tinued )

decreased elastic response to applied forces, as indicated by the
increase in storage modulus. The loss modulus values show that the
films lose the ability to efficiently disperse energy with increasing
SiO2 concentration. Silica reacts with starch to form starch–silica
ethers, and this covalent bonding coupled with subsequent mild
physical cross-linking effects increased overall tensile strength and
reduced elongation.

Mechanical properties of the starch–silica PVOH composites
changed with even small amounts (0.25%, w/w) of in situ formed
SiO2. Due to extrusion induced starch and PVOH molecular align-
ment in films, SiO2 formation effected mechanical properties in the

machine and transverse direction in an un-homogeneous manner.
Reactive extrusion of TEOS using a base catalyst in a starch PVOH
blend produced films with small, well dispersed SiO2 agglomerates.
These agglomerates have a high surface area and can interact with

ustering observed in film containing 1.24% w/w SiO2.
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Fig. 1. Elongation at break and yield in machine and transverse directions (including standard error) versus SiO2 content.

Fig. 2. Ultimate tensile stress and stress at yield in machine and transverse film directions (including standard error) versus SiO2 content.

rse fil

s
A
m
d
Y

Fig. 3. Young’s modulus (MPa) in both machine and transve

tarch and PVOH through hydrogen bonding and ether formation.

small increase in the volume fraction of film SiO2 rapidly affected
echanical properties by reducing starch and PVOH molecular slip,

ecreasing elongation and visco-elastic response, but enhancing
oung’s modulus and tensile strength.
m directions (including standard error) versus SiO2 content.

4. Conclusion
The reactive extrusion of hydroxypropylated starch, TEOS,
PVOH, ethanol and catalyst successfully created films with small,
well dispersed SiO2 agglomerates. During twin screw extrusion
TEOS to SiO2 conversion efficiencies of up to 41.3% were achieved.
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Fig. 4. DMA results showing storage modulus and loss modulus in machin

SiO2 film morphology was dependant on catalyst and ethanol
nclusion. Acid catalysis (HCl) produced needle like SiO2 aggregates
nd base catalysis (NH3 and NaOH) produced spherical agglomer-
tes. SiO2 particle size ranged from 20 �m to <1 �m. The optimum
atalyst concentration in both acid and base reactions was deter-
ined to be approximately 0.01 M. The addition of base catalyst

t concentrations above 0.01 M produced no extra effect on SiO2
orphology or distribution. Without ethanol as a co-solvent the

bservable SiO2 agglomerate population was reduced.
The starch–silica PVOH composites had a higher tensile strength

n comparison to a control, but a lower elongation at break. Tensile
trength increased by 65% with 1% (w/w) SiO2 and elongation at
reak decreased by 69%. SiO2 agglomerates can hydrogen bond or
orm ethers with surrounding starch and PVOH molecules, rapidly
educing elongation and enhancing modulus and tensile strength.

This was the first reported reactive extrusion of a starch–silica
VOH composite film using TEOS as a SiO2 precursor. Although
eaction efficiencies were low, optimization was not an objective. A
mall inclusion of well dispersed SiO2 was observed to have a large
ffect on film mechanical properties.
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