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Effects of glycerin and glycerol monostearate
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The effects of glycerin and glycerol monostearate (GMS) on a variety of properties of
anhydrous wheat starch are explored by means of DSC, TGA, as well as mechanical,
rheological and moisture sorption assessment. It is found that, as glycerin content (GC)
increases, both melting point and degradation temperature decrease, and the range of the
processing window extends. Melt viscosity of the glycerin-plasticized starch depends on
shear rate following power law, exponentially on GC, and on temperature in Arrhenius
type. Increasing GC leads to a linear increment of the equilibrium moisture sorption, which,
however, can be depressed significantly by incorporating a small amount of GMS.
Moreover, the presence of 2% GMS in the formulations can efficiently reduce the melt
viscosity and enhance its temperature sensitivity while has insignificant effect on the
non-Newtonian behaviour and mechanical properties. © 2001 Kluwer Academic Publishers

1. Introduction Glycerin destructurized TPS in presence of water has
As a result of environmental concern, thermoplasticrecently been investigated in terms of glass transition
starch (TPS) has recently found itself in extensive apbehaviour, crystallinity, plasticisation behaviour, me-
plications as an alternative to petrochemical synthetichanical and rheological properties [6—14]. In principle,
polymers. Great attentions have been put into explora continuous decrease in glass transition temperagure
ing the extrusion processability of starch in powder-,0ccurs as the glycerin content (GC) increases. This has
dough- or grit-form [1-4]. The dependence of appar-been modelled successfully. Because of the strong in-
ent viscosity on shear rate, processing temperature artdraction between glycerin and starch, the presence of
moisture content has been modelled based on powalycerin leads to a beta relaxation for the slightly hy-
law. The apparent viscosity of cereal starch during exdrated starch, as well as a depression of retrogradation
trusion was shown to be pseudoplastic with power lanwof waxy maize starch in presence of water. A signif-
index values from 0.25 to 0.75 in the temperature rangécant change in crystallinity induced by the presence
between 67C and 158 C and at a moisture content be- of glycerin, as well as the typical plasticizer diluting
tween 13% and 50%. The models have also been provezffect can contribute to great variations of mechanical
applicable for water-plasticized TPS[5]. It was reportedproperties of TPS.

that the TPS melt viscosity was more dependent on the Effects of a variety of additives have been investi-
moisture content than the processing temperature argated on rheological behaviour of TPS. Potente [15] re-
shear rate. This effect primarily originated from water- ported that the melt viscosity of water-plasticized TPS
catalysed hydrolysis at a high moisture level or the sheaincreased with ammonium hydroxide, and reduced with
stress-induced chain scissions at a low moisture levalrea and propylene glycol while unchanged with tri-
due to the hygroscopic nature of starch. An optimumethylene glycol (TEG). Willett and his co-workers [5]
moisture content was therefore recommended to existlso claimed that TEG, as well as lecithin and poly-
somewhere between 20% and 30%. oxided ethylene stearate (POES), could contribute to
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a melt viscosity reduction. However, glycerol monos-70% relative humidity), according to ASTM D 638-87.
tearate (GMS) produced a different type of behaviourThe standard tensile specimens were injection moulded

due to its complexation with amylose in starch. using an SZ-60/40 injection moulding machine. The
melt and the mould temperatures were kept at°I75
2. Experimental and 35°C respectively for all the mouldings. The

The wheat starch used was an unmodified pearl starchs-processed mouldings were immediately sealed in
from a local starch company. Glycerin and GMS werepolyethylene bags and stored at ambient temperature
both used as received without further purification. Afor more than one week prior to further tests.

linear low density polyethylene (LLDPE, NDNA 7144, A JSM-T20 scanning electron microscope (SEM)
MI =3.33*102g/s and density=0.924* 1G kg/m?),  was used to examine phase morphology evolution in
supplied by Union Carbide Corporation, was used as &e extruded strands of the formulations. Fracture sur-
reference for the flow behaviour. faces were prepared in liquid nitrogen. The direction

Starch was dried at 7T for more than 24 hr priorto  of the fracture was perpendicular to the flow direction.
mixing. Dry starch, glycerin and additives were addedGold coating the fracture surfaces was implemented
into a temperature-controlled turbo-mixer and mixedusing a JFC-1100 ion spultter.
for 5 min at ambient temperature, at a blade rotational The environmental stability of the tensile specimens
speed of 1191 rpm. The as-processed mixtures werig an environmental chamber (3G, 90% relative hu-
sealed in polyethylene bags and stored in a dry and coahidity) was measured by weight gain. The moisture
place until the measurements, in attempt to eliminatesorption was only nominated to the weight on the dry
any extra moisture effect on the measurements. base.

Thermogravimetric analysis (TGA) was conducted
with a Perkin Elmer TGA-7. The operation was per-
formed at a heating rate of 2&/min in presence of dry
air. A sample mass of ca. 8.0 * 19g was kept through
the test. A typical TGA curve of the formulations is
shown in Fig. 1, from which the onset temperature of
decompositionTy can be readily worked out. )

Differential scanning calorimetric (DSC) analysis 3-1- Glycerin effect
was performed with a Perkin Elmer DSC-7. The heatdncorporation of glycerin can significantly lower the
ing rate was 10C/min. The instrument calibration was Melting temperature, as well as modify the melting be-
done with Indium AH =28.6 J/gT,= 156.6°C) and  haviour of starch crystallites (Fig. 2), which is similar to
Gallium (AH =79.9 J/g.T, = 29.8°C). The mixtures the water effect on starch melting [16]. The peak tem-
ofca. 1.0 * 102 g were We|ghed into stainless steel perature of meltlng transition shifts downward from
Vesse|5, which were sealed hermetica”y. 197°C to 136°C as GC increases from 23% to 33.3%.

Rheological measurements were carried out using &€crease in the melting poiffig, as well as in the onset
capillary rheometer, which contained a capillary with thermodegradation temperattiieas GC increases can
an inside diameter D of 1 mm and a length L of 5 mm,be clearly seen in Fig. 3. It is noticeable that the span
giving a L/D of 5. Three other capillaries with the same
diameter but L/D values of 10, 20 and 40 were used to
check for the end effects in the capillary. The measure-
ment procedure and the consequent data processing,
including the Bagley correction for the end effects and
the Weissenberg - Rabinowitsch correction, followed
those described in the literature [5]. Test temperatures 33.3% glycerin
of 150°C, 170°C and 190 C were used for the formu-
lations measured.

Tensile tests were performed with a WSM-2000
digital test machine at ambient environment (€3

3. Results and discussion

Great care has been taken while preparing and testing
the formulation to minimise the moisture effect on the
measurements.

23% glycerin
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Figure 1 Determination of the onset temperature of thermodegradation
Ty from a TGA trace. Figure 2 DSC thermograms of glycerin plasticized wheat starch.
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Figure 3 Glycerin effect on processing windows.
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Figure 5 Effects of the glycerin content (GC) on consistency and New-
tonian index.

GC dependence of the consistency amdderived by
power law fitting of the set of flow curves at 170.
Obviously, GC exerts an insignificant influence ron
namely on shear thinning behaviour of TPS until it goes
up to 33.3%. However, the effect of GC on reduction
in the consistency is observed to follow an exponential
route. Linear regression of the semilogarithmic plot of
the consistency vs. GCyields a slope value of 3.6, which
is much lower than those for starch plasticized by wa-
ter [5]. The melt viscosity of the glycerin-plasticized
starch, exponentially dependent on GC and power law
dependent on shear rate, can be expressed as

n(T, 7, GC)=no(T)y™* exp(-a - GC)  (2)

whereT is temperatureyg is the shear viscosity at zero

shear rate, and is a correlative constant.
Mechanically, increment of GC results in improve-

ment in ductility but deterioration the tensile strength

Figure 4 Melt viscosity at 170°C of glycerin plasticized starches and Within experimental uncertainty (Fig. 6), as an expected

LLDPE.

betweenT, andTy, coarsely representing the processing

window also extends with GC. The formulation con-
taining 33.3% glycerin can be thermoplastically pro-
cessed at a temperature profile of 136—230

As aresult of the plasticizer diluting effect, reduction
in the TPS melt viscosity at 17 occurs expectedly
as GC rises from 16.7% to 33.3% (Fig. 4). It is also
evident that the TPS melt viscosity shows a power law
dependence on shear rate. Apparently, the melt viscos-
ity of LLDPE is intermediate between that of starch
with 16.7% and 33.3% glycerin, illustrating the abil-
ity to formulate thermoplastic starches with viscosity
and shear thinning characteristics similar to those of
commercially available thermoplastics.

Most thermoplastics exhibit power law behaviour:

n=Kym* 1)

wheren, is shear viscosityy is shear rateK is the con-

20 90
?E‘? S
N’
< 15 1 - 60 -~
% 5
3 8
B
173 5
= E
@ 10 A 130 2
(V]
=
5 — 0
0 10 20 30 40

Glycerin content (%)

sistency andn is the power law index. Fig. 5 illustrates Figure 6 Glycerin effect on tensile properties.

1811



Mo = 9.18+ 0.87-GC (4)
T =4.07+0.25-GC (5)

where GC is in % by weight. Combining Equations 3
through 5, one can readily determine the sorption be-
haviour at 30C and 90% RH of starch with a certain
level of glycerin. However, the moisture take-up of 20%
at 16.7% GC (Fig. 8) reveals a relatively strong hydra-
tion ability of the material due to the presence of glyc-
30°C/90% RH erin. This, for a practical purpose, should be lowered to
an acceptable level.

Weight gain (%)

(O - f : ; - f

0 0w % % 3.2. GMS effect
Time (hr) Normally, GMS has been used in polyolefin products

as antistactic agent, mould release agent, or lubri-
cant [18-20], and its application has recently extended
in biodegradable packaging materials [21]. Effects of
GMS content on the viscosity of starch containing
result of the plasticizer diluting effect. This, however, 33.3% glycerin at various temperatures are illustrated
may come to the opposite if the GC used is less thain Fig. 9. In general, the presence of less than 2% GMS
15%, the anti-plasticisation level for glycerin-starch has little effects on the viscosity and shear thinning be-
blend [6]. haviour, regardless of the test temperature. However, a

Atypical moisture sorption curve of the formulations two-fold reduction is seen for starch containing GMS
is shown in Fig. 7. It is found that the data can be wellmore than 2% tested at 150 (Fig. 9a). Fig. 9b shows
fitted by an exponential function, which has been val-a similar magnitude of reduction in viscosity for the
idated for other starch-based materials in our previousame formulations but tested at I'T Less magnitude

Figure 7 A typical moisture sorption curve of glycerin plasticized
starch.

publication [17]. of viscosity reduction is observed for the formulation
with 2% or 3% GMS tested at 19, while the for-
M = Mqo(1 — exp(-t/7)) (3)  mulation with 5% GMS exhibits a viscosity reduction

by nearly half an order of magnitude (Fig. 9c).
whereM.,,, denotes the equilibrium moisture sorptionin A slight decrease im is observed for each of these
% by weight and: denotes the equilibrium time in hour. Sets of curves. For the formulation tested at 1G0m

These two parameters derived by non-linear fitting, arélecreases from 0.36 at a GMS content of 1% t0 0.31 at

linear functions of GC (Fig. 8), which can be written as @ GMS content of 2%. Likewise, decreases from 0.39
to 0.35 and from 0.41 to 0.37 are seen for the formu-
lation tested at 170C and 190C respectively. These
decreases are on the order of the standard error in the

20 estimation ofm by linear regression. However, a rel-
30°C/ 90% RH atively large increase im, from 0.41 to 0.57, is seen
40 1 : for the formulation test at 190C when the GMS con-
- tent changes from 1% to 5%. It can thus be concluded
s 115 that the GMS content of 2% is a “critical” value for the
.5 —_ viscosity reduction of the glycerin-plasticized starch,
a30T £ below or above which the GMS effect can be negli-
3 Qg’ gible. No significant change is observed in the non-
o = Newtonian behaviour until the formulation containing
é T 10 § GMS greater than 5% was tested at 180
'g 20 _E The reduction inviscosity follows the Arrhenius-type
g 3 dependence of the consistenkyon temperaturer,
2 e which has been observed in other studies of starch rhe-
% ology [5, 7]:
é{lo >
T K(T) = K(To) expEa/RT) (6)
whereTyis the initial temperatureR is the gas constant,
0 —_— 0 andE; is the activation energy.
0 10 20 30 40 Semilogarithmic plots ofK(T) vs. 1T shown in

. Fig. 10 present two lines with the slopes, represent-
V)

Glycerin content (%) ing reduced activation energieg4/R), of 2300 and
Figure 8 Effects of the glycerin content (GC) on the equilibrium mois- 1400 Kelvins for _the control formUIathn (without
ture sorption and equilibrium time. GMS) and that with 2% GMS, respectively. These
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Figure 9 Effect of the GMS content on the melt viscosity of TPS containing 33.3% glycerin (&)A80) 170°C (c) 190°C.
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Figure 10 Relation of consistency versusTifor the control formulation
and that containing 2% GMS.
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Figure 12 Micromorphology of the extrusion strand of the formulation
containing 33.3% glycerin and 2% GMS.

to a more than two-fold reduction in the equilibrium
moisture sorption, as well as in the equilibrium time
(Fig. 11), although increasing the content produces no
more impact.

To summarise, the formulation containing 2% GMS
and 33.3% glycerin exhibits a good thermoprocessabil-
ity, acceptable mechanical properties and a relatively
low level of humidity sensitivity. The as-processed ma-
terial shows a compact, network-textured morphology
(Fig. 12). Actually, this formulation has been selected

values are much lower than those measured for watelys 3 hase material for compounding with other biopoly-

plasticized starch [5]. The lower value &,/R for

the formulation with 2% GMS reflects that the pres-

mers, aiming at injection moulding [22].

ence of GMS can efficiently enhance the temperature

sensitivity of melt viscosity while reducing the viscos- 4. Conclusions

ity and hardly affecting the non-Newtonian behaviour.Increasing GC leads to significant decreases in both
This will be a great advantage for the practical thermo-melting point and degradation temperature of starch,
plastic processing of TPS in terms of ease processingnd extends the range of the processing windows. Melt

and energy-input reservation.
Within experimental uncertainty, addition of GMS

viscosity of the glycerin-plasticized starch is depen-
dent on shear rate following power law, exponentially

up to 3% has little effect on the tensile properties ofdependent on GC, and dependent on temperature in
the formulations, which is not illustrated for the sake Arrhenius type. Moreover, hydration ability of the for-
of brevity. Nevertheless, the presence of GMS lead$nulations increases linearly with GC. Rheologically,
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Figure 11 Effects of the GMS content on equilibrium moisture sorption
and equilibrium time.
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the presence of 2% GMS in the formulations can effi-
ciently reduce the melt viscosity and enhance its tem-
perature sensitivity while imposing little effect on the
non-Newtonian behaviour. Furthermore, the moisture
sorption of the formulations can be depressed signifi-
cantly by incorporating a small amount of GMS.
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