
pubs.acs.org/MacromoleculesPublished on Web 02/24/2010r 2010 American Chemical Society

Macromolecules 2010, 43, 2855–2864 2855

DOI: 10.1021/ma100067x

Mechanism of Degradation of Starch, a Highly Branched Polymer,
during Extrusion

Wei-Chen Liu,† Peter J. Halley,‡ and Robert G. Gilbert*,†

†Centre for Nutrition & Food Sciences, School of Land Crop & Food Sciences, The University of Queensland,
Brisbane, Qld 4072, Australia, and ‡Australian Institute for Bioengineering and Nanotechnology,
The University of Queensland, Brisbane, Qld 4072, Australia

Received January 11, 2010; Revised Manuscript Received February 9, 2010

ABSTRACT: An investigation of the mechanisms of degradation of a branched polymer in extrusion
was performed using starch as substrate. Starch has the advantage that the distribution of degree of
polymerization of individual branches can be readily obtained using a debranching enzyme and also that it
does not undergo any reaction except scission during extrusion, thereby aiding mechanistic interpretation.
Various starches, containing a range of the highly branched amylopectin component and the much less
branched amylose component, were extruded in the presence of water and glycerol as plasticizers with
extruder barrel temperatures ranging from 50 �C at the hopper zone through to 140 �C near the die exit.
Analysis by size-exclusion chromatography of both whole and debranched samples subject to various levels
of extrusion showed that the extrusion degradation process involved preferential cleaving of largermolecules,
while causing the size distribution to narrowand converge toward amaximum stable size. This is analogous to
a similar effect of shear degradation of droplets in emulsions. It was also found that the susceptibility of
polymer molecules to shear degradation is not only dependent on the size of themolecule but also extensively
influenced by the branching structure. High branching density and short branch length were associated
with higher susceptibility to shear degradation. This is explained by the hypothesis that a short-chain
hyperbranched polymer has a relatively inflexible structure, leading to a higher susceptibility to shear
scission. The degradation process is not significantly selective toward the length of individual branches when
the polymer is in a molten state but it preferentially breaks longer branches when the starch polymer is in a
semicrystalline granular form. These inferences are generally applicable and use the additional information
from the branch length distribution and absence of side reactions, which is generally not available for
synthetic polymers.

Introduction

Thermomechanical processing, such as extrusion, is widely
used in polymer processing. Through continuous shearing and
heating, it providesmeans of polymermelting andmixing needed
for most plastic shaping applications. High molecular weight
polymers (e.g., polypropylene,1 polystyrene,2 and starch3 under-
go significant degradation during extrusion. This can change
the physical properties of the resulting material, and thus
understanding of the shear degradation mechanism during
thermomechanical processing is essential for establishing pro-
cessing-structure-property relationships. This will facilitate
the development of functional processing methods that allow
the production or recycling of plastics with desirable proper-
ties. Although the shear field in an extruder cannot be well
characterized, its wide use means that qualitative mechanistic
inferences from shear degradation during extrusion will have
broad applicability.

This paper explores the degradationmechanismof large highly
branched polymers during extrusion, to see if the degradation
process has any selectivity toward structural features of the
polymer molecule; the properties chosen here are the changes in
the distributions of size and of branch length. Starch is con-
stituted entirely of anhydroglucose monomers. All linear chains
are linked through R-1,4-glycosidic linkages while branch points

are found atR-1,6-glycosidic linkages. Starch comprises polymers
of two categories of connectivity: (i) Very high degree of poly-
merization amylopectin (∼108 Da) containing a high density of
branches (∼5% of glycosidic bonds are R-1,6).4 The individual
branches of amylopectin are normally short with a typical
number-average of about 20 to 24 glucose subunits. (ii) Relatively
linear amylose with approximately 1% branch density and
molecular weight ranging from 104 to 106 Da,5 with the branches
being much longer than in amylopectin. Depending on the plant
source, the proportion of amylose and amylopectin can vary.
Typically, starch comprises 10-30% amylose and 90-70%
amylopectin, but some genetically modified plants can have
amylose content up to 85%, while waxy starches are essentially
100% amylopectin.

Starch was chosen as the test subject, because it has a number
of significant advantages for the analysis of degradation mecha-
nisms during extrusion, which can shed light on processes in
synthetic polymers such as polyethylene and polypropylene.
The amylose (long-chain branching) and amylopectin (short-
chain branching) components of starch have size and molecular
weight distributions which are essentially nonoverlapping, thus
enabling the effects of the lengths of branches and overall sizes to
be readily distinguished; in polyolefins, there is no significant
difference in size distributions of differently branched com-
ponents. In addition, in the extrusion of polyolefins there is a
significant influence of reactions of a variety of unsaturated
end-groups (e.g., ref 6), whereas starch comprises largely
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“nonreducing” ends (glucose units with an R-(1,4) linkage to
the preceding unit) at the end of each branch and, per whole
molecule, a single “reducing” end group (a 6-membered ring
with three neighboring-OH groups, which can ring-open to a
free aldehyde-keto group); in starch, these end-groups do not
undergo reaction in extrusion. Cross-linking,7-9 side-chain
branching and thermo-oxidative reactions10,11 occur in addi-
tion to simple scission in the extrusive degradation of poly-
olefins, causing an increase in molecular weight and size; the
overall size distribution during extrusion is a compound of this
increase with the decrease due to simple shear scission. For
starch, only simple shear scission (and hence a decrease in
molecular weight and size) occurs. Thus, a study of starch
enables the mechanisms causing simple shear scission to be
studied in isolation. Finally, starch has a particular advantage
for the purposes of mechanistic investigation: the molecular
weight distribution of individual branches is readily obtained
by adding a debranching enzyme, which quantitatively cleaves
all branch points.12 This again provides data which can aid
mechanistic interpretation of the degradation process in syn-
thetic polymers, whose branch-length distribution cannot be
readily obtained.

Thus, the mechanistic knowledge gained from starch will also
be relevant to understanding the shear degradation of synthetic
branched polymers.

Starch, besides being the main source of food energy for
humans, is also a widely used biodegradable thermoplastic with
excellent biodegradability, high availability, a renewable resource,
and low cost.13,14

The present study uses the changes due to shear degradation of
the size distributions of starches of various types. This was
implemented by extrusion of starches with different amylose
content, collecting samples along the extruder barrel (i.e., with
increasing degradation levels), and then characterizing the
samples by size exclusion chromatography (SEC, also known
as gel permeation chromatography or GPC). This reveals the
evolution of the molecular size distribution throughout the
course of extrusion. Size distributions have proved useful in
providing mechanistic information on branched polymers.15

It is important to remember that, with the assumption of
universal calibration,16-19 SEC separates polymers solely by their
hydrodynamic volume (Vh), rather than molecular weight. Vh is
defined20 as the volume of a hypothetical sphere that is impene-
trable to the surrounding medium displaying in a frictional field
the same hydrodynamic behavior as that of the actual polymer.
While Vh and molecular weight have a one-to-one relationship
for linear polymers, this does not hold for complex branched
polymers, because different polymers with the same Vh but
different branching structures can have different molecular
weights. For branched polymers, the results from the SEC are
therefore presented in terms of Vh, or equivalently the corre-
sponding hydrodynamic radius Rh, with Vh =

4/3πRh
3.

In the present study, the results from the size separation were
measured by a differential refractive index (DRI) detector to

obtain the SEC weight distribution, w(log Vh). Elution time is
converted to hydrodynamic volume using pullulan standards of
knownMark-Houwink parameters, as described elsewhere.21 A
problem with this technique is that SEC characterization of
amylopectin size distributions cannot avoid some shear scis-
sion.22 While separation by field-flow fractionation (FFF) tech-
niques can reduce scission, as yet there have been no studies of
amylopectin with FFF using solvent systems which dissolve all of
the starch in a sample (a particular problem with the high-
amylose starches which furnish important examples for mecha-
nistic analysis here23). For the semiquantitative purposes of the
present paper, the presence of shear scission during characteriza-
tion does not pose any particular difficulty: the semiquantitative
interpretation of the resulting (apparent) distributions will be
unaffected by this mild scission, because in SEC, large molecules
will always elute at shorter elution times, and vice versa.

Experimental Section

Materials. Three varieties of commercially available, geneti-
cally modified corn starches (Mazaca, Gelose 50 and Gelose 80)
were supplied by Penford Australia Ltd. (Lane Cove, NSW
Australia). All starches were chemically unmodified and the
amylose contents for these three types of starches were 0%, 55%
and 85%, respectively, as measured by Tan et al.24 using the
iodine colorimetric method. Glycerol (99% GC grade), dimethyl
sulfoxide (DMSO) (HPLC grade) and lithium bromide (Reagent
plus ) were from Sigma-Aldrich. Milli-Q water was used in all
instances. Two M sodium hydroxide solution (Labscan, Gliwice,
Poland), glacial acetic acid (Ajax Finechem, Taren Point,
Australia), and isoamylase (Megazyme, Wicklow, Ireland) were
used as received.

Sample Preparation.The extrusion processing was performed
on a Prism Eurolab 16XL corotating twin-screw extruder
(ThermoElectronCorporation,Karlsruhe,Germany) equipped
with a 3 mm diameter cylindrical die. The diameter of the barrel
bore was 16 mm and the length of the barrel was 640 mm. The
screw contains forward conveying elements and kneading ele-
ments. The barrel was divided into 20 intervals for sample
collection purpose. Intervals 1 to 18 had an equal length of
30 mm per interval while intervals 19 and 20 were the die zones,
which had a length slightly shorter than 30 mm. The detailed
interval assignment and screw configuration are shown in
Figure 1. All starches were fed at a constant rate of 0.312 kg h-1

and the screw speed was set at 180 rpm.
The total starch andplasticizer contentswere adjusted to 60%

starch, 28% glycerol, and 12% water. Plasticizers were intro-
duced to the starch samples in the extruder through an inlet
component that was attached to the barrel, as illustrated in
Figure 1. The extruder had 10 temperature zones, whose tem-
peratures are also given in Figure 1. Temperature can influence
the viscosity of a polymer melt and subsequently change the
degradation rate of the polymer during extrusion.3,25,26 For this
reason, the temperature was set at constant 140 �C from inter-
vals 5 to 18 to avoid unwanted effects caused by variation in
temperature. The high temperature (140 �C) also facilitated the

Figure 1. Screw configuration, temperature profile, and interval assignment of the extruder barrel [screw configuration enlarged for clarity; not to scale].
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gelatinization process of starch, especially high-amylose starches,
which in turn enhances the homogeneity of the polymer melt.27,28

After approximately 15 min of operation, the torque of the
extruder reached a steady state; the extruder was then stopped
and starch samples were quickly collected along the barrel.
Approximately 200 mg of the samples were collected from
intervals 5, 8, 13, 18, and 20.

Debranching of Starch. It is noted that the debranching
process is used purely as one of the characterization tools in
the analysis of starch samples after extrusion. The samples were
enzymatically debranched using isoamylase, an enzyme that
exclusively and quantitatively cleaves R-1,6-glycosidic bonds
at the branch point. Extruded thermoplastic starch (20 mg) was
mixed with 750 μL of water and 50 μL of 2M sodium hydroxide
solution and then completely solubilized in a thermomixer
at 95 �C for 30 min. The solution was cooled to room tempera-
ture and 32 μL of glacial acetic acid and 100 μL of 1 M sodium
acetate solution were added, followed by thorough mixing.
Isoamylase (10 μL) and water (1 mL) were subsequently added
to the tube and mixed well. The solution was incubated for 24 h
in a water bath at 37 �C. After incubation, the mixture was heated
to 95 �C for 10min to denature the enzyme, and then freeze-dried.
These conditions lead to the complete debranching of starch.12,29

As is well-known in the starch community, this leads to a popula-
tion of two chain lengths after debranching: branches of degree of
polymerization 6-100 (typically averaging 20-24) for the short
branches comprising the amylopectin fraction, and branches that
are more than an order of magnitude longer for the longer
branches that comprise the amylose fraction (e.g., refs 29 and 30).

Size Exclusion Chromatography. Size separation was per-
formed on an Agilent 1100 series SEC system (Agilent Techno-
logies, Santa Clara, CA) equipped with a Shimadzu RID-10A
differential refractive index detector (Shimadzu Corporation,
Kyoto, Japan). The size distributions of fully branched and of
debranched starch molecules have quite different ranges of Vh,
and thus two column set-ups were used to ensure a clear
separation of the molecules. For fully branched starches, the
columns used were GRAM 30 and 3000 columns (PSS GmbH,
Mainz, Germany) connected in series, which provided separa-
tion in the range of 5� 103 to∼5� 106 Da, corresponding toRh

from ∼0.5 to ∼50 nm. Debranched samples were analyzed by
GRAM 30 and 1000 columns connected in series, which had a
separation range of 100 to ∼106 Da. All columns were main-
tained at constant 80 �C.As explained elsewhere,22 there are two
potential problems with these SEC data. (a) The fully branched
amylopectin will suffer from some shear scission; this will not
affect data interpretation in the present case, where the goals are
qualitative rather than quantitative. (b) The size scale beyond
the calibration range is only semiquantitative, which again does
not pose a problem for the present qualitative goals. The range
above which calibration and shear scission each become pro-
blems is about the same: Rh > 50 nm.

The eluent used for SEC characterization comprised
99.5 wt % DMSO and 0.5 wt % LiBr. The ability of this eluent
to dissolve starch fully without structural damage has been
demonstrated by Dona et al.31 Schmitz et al. showed that the
addition of lithium bromide, which acts as a hydrogen-bond
disrupter and prevents retrogradation (crystallization followed
by spontaneous precipitation), enhances the solubility of high-
amylose starch.23 The eluent was prepared by dissolving LiBr in
DMSO under ultrasonication for 30 min, and then filtered
through a 45 μm hydrophilic PTFE membrane under pressure.
For each sample, starch extrudate (2 mg) was mixed with 1 mL
of the eluent and heated in a thermomixer for approximately 5 h
at 80 �C. After the sample was completely dissolved, it was
transferred into a SEC vial without filtering, as large amylo-
pectin molecules may be ∼1 μm in size, and filtering samples
may cause structural damage.

Determination of the Effect of Glycerol on Starch Hydro-
dynamic Volume. Since starch forms hydrogen bonds with

glycerol during extrusion processing, it is possible that after
starch is solubilized in DMSO, it could preferentially bind with
glycerol rather than DMSO and thus change the Vh of a given
starch molecule; this would lead to complications in the quali-
tative comparison between samples. A test was performed to
check whether glycerol affects the Vh of starch. Two samples
were made for comparison. The first sample contained 20 mg of
Mazaca starch and 13.33 mg of glycerol to make up a mixture
that contained 40% glycerol on total weight basis. The second
sample contained only 20 mg Mazaca starch. Samples were
mixed with 1.5 mL of water and gelatinized in a 100 �C oil bath
for 60 min. The gelatinized samples were then dried in an 80 �C
oven overnight and characterized by SEC. Results with and
without glycerol were compared to see if the presence of glycerol
changed the size distribution of starches.

Results

Figure 2 shows the SEC elution profile of Mazaca plasticized
with 40% glycerol, and the elution profile of Mazaca containing
no glycerol. The elution profile of a particular polymer sample is
not only dependent on the Vh of the polymer but also dependent
on themachine, the column used andwhich day the experiment is
performed. Results expressed in terms of elution time or elution
volume are only reproducible if samples are run on the same day
with the same SECmachine. Thus, both samples here were run in
the same batch. The two elution profiles essentially overlap with
each other except for the glycerol peak eluting at∼22.5 mL. This
indicates that the protocol used here for starch dissolution will
result in all of the glycerol dissociating from starchmolecules and
thus will give reliable separation in the SEC system. Quantitative
comparison can thus be made between pure starch and glycerol-
plasticized starch up to a glycerol content of 40%.

Size Distribution of Fully Branched Starch. The normal-
ization of any distribution is arbitrary. All molecular size
distributions here are normalized so as to bring out features
and to allow qualitative comparison and interpretation.
Amylose and amylopectin have slightly different refractive
index increments in DMSO/LiBr eluent (the refractive index
increments of amylose and high amylopectin rice starch in
DMSO/Li at 80 �C are22 dn/dc=0.0689 and 0.0544 mL g-1

respectively at 633 nm). No attempt was made here to take
this difference into account, because (1) it makes only a
quantitative but not semiquantitative change to the distribu-
tions, and (2) for extruded starch, the amylose and amylo-
pectin regions overlap, and thus applying such a correction
cannot be implemented. However, because this would make

Figure 2. Elution profiles of pure Mazaca starch and Mazaca plasti-
cizedwith 40%glycerol. The peak at∼22mL in the glycerol-containing
sample is glycerol itself.
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only a slight change in the distributions, the relative propor-
tion of amylose and amylopectin is expected to be constant
after normalization. Thus, for the fully branched size dis-
tributions, normalization was done to make the integral of
the curve equal to unity to facilitate identification of any
selective degradation process. The amylose and amylopectin
fractions were obtained as the areas under the curves as
detailed elsewhere.22

Figure 3 shows the SEC fully branched size distributions
of samples of Mazaca taken progressively along the barrel
of the extruder. This figure shows that fully branched
Mazaca starch, which contained almost 100% amylopectin,
underwent severe degradation during extrusion. Three fea-
tures can be identified from the evolution profile of Mazaca.
First, the size distribution was broad and left-skewed at the
start of extrusion and gradually narrowed down as degrada-
tion proceeded. Second, the rate of degradation was the
highest at the beginning of extrusion and gradually slowed
down as the size of the polymer became smaller, implying
a size-dependent degradation mechanism. Third, at log
(Rh/nm) ∼ 1.7, or Rh ∼ 50 nm, an overlapping region could
be identified for the size distributions of Mazaca collected at
zone 5, and of raw Mazaca. This overlap shows that mole-
cules below this size did not undergo significant shear
degradation during extrusion.

The evolution of Gelose 50 size distribution is presented in
Figure 4. The apparent relative proportion of amylopectin is
somewhat smaller than 45%, whereas the amylopectin con-
tent for this starch has been reported as 45% (see above); this
small discrepancy is attributed to amylopectin having a
slightly smaller refractive index increment than amylose and
also to shear scission of amylopectin during SEC character-
ization.22 Similar to the observations for the evolution of size
distributions of Mazaca, the amylopectin peak shifted to
lower size as extrusion proceeded. An overlap from log
(Rh/nm) = 1.7 to 2 (Rh ∼ 50-100 nm) was found among
the unprocessed sample and the sample at zone 20 (extrudate).
On the other hand, the unprocessed sample and the sample at
zone 5 overlap at the amylose peak maximum region. This
indicates that the increase in amylose peak height is due
to degraded amylopectin moving under the amylose peak,
resulting in a bigger apparent amylose peak,while the amylose
peak did not seem to be significantly changed.

The evolution of the size distribution for Gelose 80 is
presented in Figure 5. The trend is similar to Gelose 50.
The amylopectin peak is smaller than in the Gelose 50
samples, simply because of the lower amylopectin content.

The amylose peak, on the other hand, did not seem to vary
significantly throughout the extrusion process.

Size Distributions of Debranched Starch. Debranched
starches are completely linear glucan chains, and therefore
their distributions can be presented in the form of molecular
weight distributions; this is easier to comprehend than the
alternative of presenting data for a linear polymer in terms of
Rh. It should also be noted that SEC data suffer from some
degree of band broadening. This effect may change the
details of the resulting molecular weight distribution and
mask important features. A deconvolution technique devel-
oped by Castro et al.32 was adopted in present study to
convert the SECdata in terms of elution volume andpullulan
standards to convert from size to actual molecular weight
distributions of linear glucans with some correction for
band-broadening (deconvolution). In this method, a “stan-
dard” is used comprising a sample of debranched starch
whose true (number) molecular weight distribution has been
accurately measured using fluorophore-assisted capillary
electrophoresis (FACE).33,34 FACE can resolve individual
oligomers with baseline separation up to degrees of poly-
merization (DP) X ∼ 80. The SEC distribution of this same
sample is then used to find the band-broadening function,
typically an exponentially modified Gaussian,35 applicable
to that particular data set. The parameters so obtained can
then used to deconvolute other samples over the same range
of DP. This procedure also yields the Mark-Houwink
parameters in the eluent employed.

Figure 3. Evolution of the size distribution of fully branched Mazaca
starch samples collected along the barrel of the extruder.

Figure 4. Evolution of size distribution of Gelose 50 starch samples
collected along the screw of the extruder.

Figure 5. Evolution of size distribution of Gelose 80 samples collected
along the screw of the extruder.
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Figure 6 shows the FACE data for a sample of deb-
ranched regular maize starch (Penford Australia Ltd.),
and Figure 7 shows the measured SEC distribution for
the same sample. FACE directly gives the (debranched)
number distribution Nde(X), the number of (debranched)
chains of DP X (trivially related to molecular weight
M by multiplying by 162, the molecular weight of anhy-
droglucose monomer, plus the molecular weight of
a water molecule). The number distribution is related
to the corresponding SEC weight distribution wde(log X)
by:36,37

wdeðlog XÞ ¼ X2NdeðXÞ ðonly valid for linear polymersÞ
ð1Þ

For a linear (unbranched) molecule such as debranched
starch (but not for branched ones such as whole starch),
size (as Vh) and molecular weight are related through the

Mark-Houwink equation:

Vh ¼ 2

5

KM1þR

NA
ð2Þ

where NA is Avogadro’s constant. Determination of the
Mark-Houwink parametersK andRwill be discussed below.
Figure 7 also shows the calculated broadened SEC distribu-
tion calculated using the true number distribution of Figure 6,
convoluted with a band-broadening function whose para-
meterswere least-squares fitted to give the bestmatch between
this calculated distribution and that obtained from SEC (the
latter of course being subject to band-broadening).

This fit yields not only the particular broadening para-
meters applicable to the particular SEC setup, but also the
Mark-Houwink parameters for linear starch in the eluent
(DMSO/0.5% LiBr at 80 �C): K = 0.0150 mL g-1 and R =
0.743.Thebandbroadeningparameters andMark-Houwink
parameters obtained can then be used to deconvolute samples
run in the same SEC experiment. However, the data used here
go to much higher molecular weights than the range covered
by the debranched “standard”. For this reason, the Mark-
Houwink parameters were used to convert size to molecular
weight without correcting for band-broadening.

Figures 8 and 9 show the debranched molecular weight
distribution (MWD) of Mazaca samples presented both as
the SEC weight distribution wde(log X) and the number
distribution, as lnNde(X). There are mechanistic reasons for
presenting debranched data in this logarithmic form for
native starch,30 which may or may not be useful for the
present case of processed and degraded starch: although the
SEC and number distributions contain the same informa-
tion, certain features may be more apparent when the data
are presented in one form or the other. The number distribu-
tion was calculated from the SEC weight distribution

Figure 7. Full line: experimental SEC distribution for the same sample as Figure 6. Broken line: number distribution of Figure 6 converted to the
corresponding SEC distribution using eq 1 and convoluted with a band-broadening function whose parameters were least-squares adjusted to give the
best match between the two distributions. The convolution integral to take account of broadening converts discrete peaks from individual DPs in the
FACE data to small local maxima.

Figure 6. FACE data for a sample of debranched regular maize starch.
FACE gives the (debranched) number distribution Nde(X).
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through eq 1. All debranched distributions show a bimodal
distribution in the amylopectin region (smaller chains), with
the smaller and larger components coming from chains that
are confined to a single lamella and those that traverse more
than one lamella, as is well-known for starch (e.g., ref 30).
The amylose component has severalmaxima, again as seen in
the literature.29

While significant degradation was observed for whole-
moleculeMazaca samples, the debranchedmolecular weight
distributions of Mazaca throughout the course of extrusion
show very little difference over the relevant range of log X:
from 0.5 to 2.5. The entire distribution moved gradually to
lowerM during the course of extrusion, but the shape of the
distribution remained the same. The same observation was
seen in the number distribution. As the two methods of
presenting the data show similar trends, only the SEC wde-
(log X) will be used hereafter.

The debranched MWDs for Gelose 80 are given in
Figure 10. Similar to Mazaca, there is no significant change
in the MWD from zone 5 to zone 20, except for a slight
reduction in the molecular weight throughout the entire
distribution. However, for samples collected at zone 5, a
reduction in peak intensity was observed in the highest
molecular weight region (log X from 2.8 to 4) accompanied
by an increase in peak intensity in the medium molecular
weight region (logX from 1.8 to 2.8). This suggests that shear
causes selective scission of longer branches.

Interpretation. From Figure 3, it is apparent that amylo-
pectin undergoes significant degradation throughout the
course of extrusion. If randomwhole-molecule scission were
to occur in this process, one would expect the entire mole-
cular size distribution to shift to a lower size, accompanied by
broadening of the width of the distribution. However, in the
present study, the degradation narrowed the size distribution.
This suggests that the degradationmechanism is not random
but instead has some selectivity toward structural features of
the polymer, which will now be discussed.

The susceptibility of a polymer chain to shear degradation
is strongly influenced by its molecular size. As shown in
Figure 3, the size distribution of rawMazaca starch was left-
skewed (more large molecules), but as extrusion proceeded,
the distribution gradually became more symmetrical. This
shows that over the same intervals (same shear history,
residence time, and temperature), larger molecules have a
higher probability of being sheared, which then results in
more medium-size and small molecules. Thus, the distribu-
tion becomes less skewed as degradation proceeds. More-
over, it is clear that the changes in size distribution become
much less significant after interval 13, which indicates a fast
decline in degradation rate with respect to the decrease in
molecular size. The observations are in accordance with the
idea that the degradation process is selective toward size and
preferentially operates on large molecules. Similar results
have been reported in the literature.3,38,39 However, since the
viscosity of the polymer melt reduces as the average size of
the polymer decreases, the reduction in viscosity may also
contribute to the lowering of the overall degradation rate. As
a result, the decrease in degradation rate is probably a
combined effect of reduction in melt viscosity and the
reduction of sizes of individual molecules, the former also
deriving fromthe latter (e.g., a feedback loopor self-dampening
mechanism)

Maximum Stable Size and Size Distribution of Fragments.
Since the degradation process preferentially operates on
large polymers, leaving small polymer chains relatively
intact, it leads to a narrowing of the size distribution, as
presented inFigure 3. Because the degradation rate decreases
as the size of polymer decreases, eventually the polymer
chains would be sheared down to a maximum stable size.
This is similar to the concept of droplet breakup under shear
in an emulsion system40-42 and in SEC-induced shear scis-
sion of highly branched polymers.22 That is, for a given shear
environment or extrusion condition, no shear degrada-
tion can take place for polymer chains smaller than this

Figure 8. Debranched MWD of Mazaca along the barrel of the
extruder, as the SEC weight distribution, wde(log X).

Figure 9. Data of Figure 8, presented as ln Nde(X).

Figure 10. Debranched MWD of Gelose 80 along the barrel of the
extruder presented as the SEC weight distribution, wde(log X).
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maximum stable size, and one would expect the size distribu-
tion to narrow and converge toward themaximum stable size
as degradation proceeds further. The reason for the existence
of a maximum stable size for shear scission of branched
polymers in extrusion is presumably the same as that for
shear degradation of branched polymer solutions in SEC.22

As noted by Cave et al.,22 shear scission of droplets is
opposed by the viscosity of the liquid in the discrete phase
and by interfacial tension. With a highly branched polymer
in an extruder, the equivalent of viscosity within a droplet is
the resistance of the interconnected branches to energy
dissipation with an external force. The equivalent to inter-
facial tension is the thermodynamic tendency of the chain to
retain its approximately spherical equilibrium conformation
against an external force.

This concept of maximum stable size is an approximation,
and in actuality one would expect a relatively narrow dis-
tribution around an average maximum stable size, rather
than a perfectly monodisperse size distribution.

Supporting this concept, it is seen that the size distribu-
tions of raw Mazaca and Mazaca collected at interval 5
overlapped below log(Rh/nm) ∼ 1.7, as shown in Figure 3.
This overlapping region indicates no shear degradation had
occurred below this Rh over the intervals 1 to 5. Thus, Rh ∼
101.7∼ 50 nm can be taken as themaximum stable size for the
extrusion conditions in this study. The size distribution of the
final extrudate also has its peak close to Rh ∼ 50 nm, which
supports the maximum stable size hypothesis.

It is also seen that the maximum stable size is slightly
different for different starches (Figures 3 and 4). The max-
imum stable size is expected to be different for samples with
different amylose content, for the following reason. Increas-
ing amylose content increases the viscosity of the polymer
melt and hence increases themaximum shear stress. This will
consequently lead to a smaller maximum stable size. Con-
sistent with this, the 100% amylopectinMazaca starch has a
maximum stable size around log(Rh/nm)∼ 1.7 and the high-
amylose Gelose 50 starch has its maximum stable size some-
what below this value.

It is of interest to determine whether the shear degradation
during extrusion preferentially cuts the polymers at the outer
chains or close to the center of the chain. The differences in
location of the scission in the overall molecule can lead to
very different property changes of the resulting materials. If
the outer chains were cleaved from the parent chain, the
fragments would be expected to be orders of magnitude
smaller than the original polymer (provided the individual
branch length is short, which is indeed the case for
amylopectin) and the resulting molecular size distribution
would have a bimodal distribution, consisting of one peak of
parent chains and another peak of the sheared fragments
with much smaller size. On the other hand, if the bond
breakage were close to the center of the chain, the fragments
would be of intermediate size, comparable to the original
polymer chain, and the resulting size distribution would shift
to lower size butwould not exhibit an additional peak. This is
sketched in Figure 11.

From Figure 3, it is seen that the evolution of size
distribution for Mazaca is not bimodal. Furthermore, the
overlap between size distributions of the unprocessed sam-
ple and the sample at interval 5 below log (Rh /nm) = 1.7
(Rh∼ 50 nm) also shows that no significant amount of small
fragments was produced during extrusion. Therefore, the
shear degradation process in extrusion is most likely to
fragment the polymer close to the center, which results in
fragments of intermediate size. This is reasonable, as the
shear stress on a small portion of a large molecule will be

much less thanon twomoieties of similar size, an effectwhich
has previously been pointed out for linear polymer chains.43

Branching Structure and Selective Scission. It has been
suggested in the literature that amylopectin is more suscep-
tible to shear degradation than amylose.3,44,45 Under the
extrusion conditions adopted in present study, we found that
the size distribution of amylopectin undergoes severe
changes while the size distribution of amylose does not seem
to vary notably. The results are consistent with the literature,
and also with the “maximum stable size” mechanism estab-
lished for shear scission of droplets. However, whether the
susceptibility of amylopectin to scission is solely due to its
large size or due to both its size and branching structure has
not been fully addressed. The evolution of Gelose 50 size
distribution in the present study provides some useful in-
sights to this question. In Figure 4, the amylopectin compo-
nent was shear-degraded and gradually moved to lower size
regions as extrusion progressed, similar to the results in
Figure 3. Eventually, the amylopectin chains were fragmen-
ted to a size comparable to amylose, and merged into the
amylose peak, resulting in an increase in the relative propor-
tion of the apparent amylose component. Although the
degraded amylopectin and amylose can no longer be distin-
guished beyond this point, two implications are found from
this evolution of size distribution.

First, the size distribution of original Gelose 50 overlaps
with the sample collected at interval 5 at the amylose peak
region (log(Rh/nm) from 0.6 to 1.4, Rh ∼ 4-25 nm). This
indicates that, under the same extrusion conditions and over
the same intervals, amylose is not significantly degraded,
while amylopectin starts to undergo fast degradation. In
Figure 5 it is seen that the evolution of the size distribution
for the sample with the highest amylose content, Gelose 80,
does not show significant changes throughout the extrusion
process, which supports the hypothesis that amylose does
not undergo significant degradation during extrusion.

Second, the size distribution of unextruded Gelose 50 also
overlaps with that of the final extrudate in the medium to
high Rh amylose region from log(Rh/nm) = 1.7 to 2 (Rh ∼
50-100 nm). This indicates that there was no amylopectin in
this region.

Figure 11. Different bond breaking positions during the extrusion of
intact starch molecules lead to different size distributions. If bond
rupture occurred at the outer part of the molecule, the original
distribution (dotted line) would be sheared to two separated peaks
(solid line) consisting of the parent chains and the fragments; if bond
rupture were close to the center of the molecule, the bimodal distribu-
tion would not be seen.
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As sketched in Figure 12, the observation suggests that as
extrusion proceeds, amylopectin molecules are continuously
degraded, and at the end of extrusion processing, the frag-
ments are a size comparable to amylose molecules. Thus, the
peak representing amylopectin completely passed through
the high Rh amylose region and we see the trace of the
original size distribution in the high amylose region from
log(Rh/nm) = 1.7 to 2 before and after extrusion. This
implies that, for the same size, amylose is still more stable
than amylopectin under a given shear environment.

This effect is most likely due to the differences in branching
structure of the two starch components. Amylopectin com-
prises a large number of relatively short branches connected
together to form a hyperbranched structure; when one part of
the molecule is subjected to a shear force, the relatively low
flexibility of a short branchmeans that the shear force cannot
be easily spread throughout the entire molecule. On the other
hand, sparsely branched amylose comprises a small number of
longbranches, and these longbranches canwithstand ahigher
extent of deformation without translating the shear force to
the entire molecule. As a result, because of the hyperbranched
connectivity of amylopectin, it is relatively inflexible under
shear compared to amylose, which leads to higher suscept-
ibility to shear degradation.

The shear degradation process in extrusion is conse-
quently not only selective toward size but also selective
toward the branching structure of molecules. The results
from this study provide the first evidence to show that higher
branching density is also associated with the high suscept-
ibility of amylopectin to shear degradation.

Some work has been conducted on degradation of poly-
ethylene and polypropylene during extrusion where scission
of long chain branches in polyethylene46 and chain scission
of polypropylene10 has been reported, but as stated in these
papers more detailed knowledge of macromolecular branch-
ing structure and degradation chemistry needs to be under-
stood in explaining the degradation processes. The present
study provides useful insight into these processes.

Debranched Molecular Weight Distribution and Shear
Degradation Mechanism. The evolution of the debranched
distribution (the branch or chain-length distribution) pro-
vides information about the changes of individual branches
during extrusion. This gives indications to whether the
rupture of the glycosidic bond preferentially takes place at
branches with certain lengths, or alternatively if it is indepen-
dent of branch length.

Figures 8 and 9 show that the debranched Mazaca dis-
tributions are very similar to each other throughout the
course of extrusion. While the entire distribution shifted
slightly toward the low molecular weight region as extrusion
proceeded, there is no significant change in the shape of the
distribution, nor is there any selective reduction in propor-
tion of chains with certain lengths. The results suggest that
the actual breaking of glycosidic bonds within the chain is
not a selective process. That is, glycosidic bonds in long
branches have the same probability of being broken as short
branches under extrusion. However, since the debranched
molecular weight distributions are very similar to each other,
there is a possibility that the shear degradation of starch
during extrusion preferentially cleaves off branch points
(e.g., shear degradation is essentially an incomplete deb-
ranching process). In this case, the distribution of individual
branch lengths would remain the same. Nevertheless, only a
small number of bond cleavages would be needed to create a
drastic reduction in the Rh of a highly branched molecule.
Given that amylopectin is highly branched and that indivi-
dual branches have relatively lowdegree of polymerization, a
small number of bond breakages of individual branches
would not significantly change the debranched molecular
distribution, while selectively breaking only the branch
points (R-1,6-linkages) would not change the debranched
structure at all.

The SEC weight distributions of debranched Gelose 80
from interval 5 to interval 20, as shown in Figure 10, show
similar trends to Mazaca. However, there is a notable
reduction in the proportion of highest molecular weight
chains (log X from 2.8 to 4) accompanied by an increase in
the weight proportion of medium molecular weight chains
(logX from 1.8 to 2.8) between raw Gelose 80 and Gelose 80
collected at zone 5. One possible explanation for this feature
could be that, as plasticizers were introduced from zone 3
onward, the starch before zone 3 would not have been
gelatinized, i.e. would retain some of the semicrystalline
structure in the native starch. This observation suggests that
ungelatinized and gelatinized starches have different degra-
dation mechanisms under shear.

The question arises as to whether amylose could undergo
shear scission purely because its branches are long, as distinct
from being a much smaller molecule than amylopectin
(which as explained is susceptible to shear scission because
it is so large and relatively inflexible, being comprised only of
short highly connected branches). However, the branches in

Figure 12. Sketch of the evolution of the amylose and amylopectin components and the superposition of the two components throughout the course of
extrusion.
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amylose, although long (say, DP ∼ 500), are much shorter
than those in synthetic polymers which susceptible to shear
scission.46 Thus, the individual branches of amylose will not
be strongly prone to shear scission, although as noted above
there can be some preferential scission of longer chains. This
hypothesis is supported by the observation that the amylose
component does not show significant shear degradation.

Conclusions

The evolutions of molecular size distribution for both fully
branched and debranched maize starches have been studied
throughout the course of extrusion to understand the degrada-
tion mechanism of branched polymers during thermomechanical
processing, and to identify any degradation processes that are
selective toward structural features of the polymer. The results
show significant shear degradation of the amylopectin com-
ponent, and the changes in size distribution suggests the degrada-
tionmechanism preferentially operates on large molecules. How-
ever, it is not just the large size which causes susceptibility to shear
scission. Amylopectin is not only larger than amylose, but also it
has much shorter branches; the hyperbranched connectivity of
amylopectin gives it a relatively inflexible structure, reducing the
maximum deformation it can withstand without breaking. It was
also found that the concept of maximum stable size, similar to
droplet breakup in an emulsion system, is applicable here: below
themaximum stable size, little shear degradation occurs for given
extrusion conditions. The observation that the size distribution of
amylopectin molecules narrowed and converged toward this
maximum stable size as extrusion proceeded is due to both
selective scission and the maximum stable size concept.

Themechanism for scission of the polymer chains is believed to
preferentially take place close to the center of the molecule, as
suggested in the literature for other polymer systems.43 This is
inferred from the absence of a bimodal distribution after extru-
sion. Furthermore, from the evolution of debranched molecular
weight distributions, the degradation was found not to be
selective toward individual branch lengths for gelatinized starch
during extrusion.

For starch, (1) one can directly obtain the distribution of branch
lengths, which is not possible for most synthetic branched poly-
mers, (2) starch contains two components with very different
branching structures (amylose and amylopectin), and (3) the
degradation of starch during extrusion involves only simple shear
scission, without the additional complications of cross-linking,
branching and end-group reactions which occur in addition to
shear scission in polyolefin extrusion. These points enable the
present study to furnish new mechanistic information germane to
the shear degradation of synthetic branched polymers. In addition,
since the lengths of branches have an effect on the digestibility of
starch in food (e.g., the amount of “resistant starch”47-49), the fact
that it is amylopectin, not amylose, which suffers the most shear
degradation and that this is because of branching structure as well
as size also has nutritional relevance in starch processing.

Future work will focus on examining the effects of screw
configuration and specific mechanical energy (SME) on degrada-
tion to better understand the effects of processing on extrusion
degradation.
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