eXPRESS Polymer Letters Vol.12, No.11 (2018) 1014–1024
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2018.88

Desiccant effect of starch in polylactic acid composites
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Abstract. Polylactic acid (PLA)/starch and PLA/starch-glycerol composites with different glycerol contents were prepared
in a wide composition range, in order to study their applicability as packaging materials for dry products. Water uptake was
determined at a temperature of 23 °C and different relative humidities. Structure and mechanical properties were also investigated. PLA/ unplasticized starch composites could absorb a considerable amount of water. As a result, they may be adequate
as a biodegradable inner container in dry packaging. The absorption capacity of the composites increased significantly with
increasing starch content and relative humidity, respectively. Unplasticized starch exhibited not only a desiccant but also a
reinforcing effect in PLA, thus both stiffness and strength increased with increasing starch loading. The influence of glycerol
content on the water uptake was difficult to reveal due to the migration of glycerol from the bulk to the surface. Furthermore,
glycerol weakened the PLA/starch adhesion and softened starch particles.
Keywords: biopolimers, biocomposites, thermoplastic starch, desiccant, polylactic acid

1. Introduction
Plastic packaging materials play an important role
in the economy and our everyday life. Recently the
increasing demands of consumers have resulted in
new packaging systems, including functional and
smart packaging materials [1–5]. Regulating the humidity of packaged wares is necessary in several
areas: controlling moisture-content is important in
food packaging [6, 7], while maintaining dry conditions is usually a requirement of packaging for pharmaceuticals [8–10] and electronic devices [11]. Humidity of the ambient atmosphere must be captured
in the latter case, which is carried out through the
adsorption or absorption of water by a desiccant.
Desiccants can be added to the packaged ware in a
semipermeable sachet or incorporated into the packaging material. Besides the usually used desiccants
(silica gels, zeolites etc.) [12–18], intensive research

is carried out to develop new desiccants, including
hybrid (adsorbent/absorbent) materials, [12, 19, 20]
natural polymers (starch, cellulose derivatives) [21,
22], and superabsorbent gels (acrylates, cellulose
compounds) [23–26].
Several patents [27–29] give a solution for the production of containers made of desiccant polymer
composites. Such containers can be applied for the
packaging of drugs, electrical devices or dry foods
to maintain moisture-free conditions. Polyolefins are
commonly used as packaging materials, and they
also can be filled with desiccants (for example with
zeolite) resulting in desiccant polymer composites.
The drawbacks of these materials are the slow diffusion of water in them and the fact that they are petroleum-based.
Recently a growing interest has been shown in the
application of biopolymers as packaging materials
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in order to reduce the environmental pollution caused
by plastic waste, and to achieve sustainable development. PLA is a promising option since it is environmentally friendly and suitable for a number of
packaging applications, especially in food packaging. Increasing application area of PLA could be
achieved by adding desiccants to pure PLA.
Starch is a natural desiccant which is readily available, cheap and biodegradable. The application of
starch or starch derivatives as desiccants is not new
in the industry: corn starch, corn grits, enzyme modified corn grits and other starch based materials have
already been widely used as natural desiccants [30–
34]. These materials were found to be efficient and
stable desiccants. Starch was also shown to selectively absorb water from ethanol/water vapor in fixed
bed absorption systems [30, 35]. Furthermore, mixing
PLA with other biodegradable polymers like starch,
cellulose or thermoplastic starch (TPS) might result
in cost reduction.
Because of the large water uptake and the considerable diffusion rate of water in PLA, PLA/starch or
PLA/TPS composites can be suitable materials for
containers maintaining dry conditions. Furthermore,
former results [36–38] proved that the addition of
starch or even glycerol containing starch (TPS) increases the biodegradability of PLA. One of the reasons of the increased biodegradability is the significant water absorption of the carbohydrate and
glycerol. For this reason, some research groups investigated the hydrolytic aging of PLA at different relative humidities, and they found that the weight decrease of PLA samples at common relative humidity
was negligible after some months [39]. In addition,
it was also shown that the hydrolytic degradation is
much slower than the diffusion of water in the polymer [40]. As a consequence, PLA/starch composites
can be applied as a biodegradable inner container in
drug or dry food packaging, and when their time is
over, they can be biodegraded more easily than neat
PLA.
In spite of the large number of publications dealing
with PLA/starch and PLA/TPS composites and blends
[41–45], only a few studies are available on the sorption (water absorption) properties of these materials
[36, 46]. The water absorption of starch can be improved by the addition of low molecular weight, hygroscopic polyols, like glycerol, xylitol, sorbitol, etc.
The proper selection of these components is very important as the equilibrium water uptake decreases

with the increasing molecular weight of the plasticizer [47]. Furthermore, the addition of plasticizers
might lead to the formation of thermoplastic starch
and the development of PLA/TPS blends [48]. According to our previous results, in TPS strong interactions (hydrogen bonds) develop between glycerol
and starch decreasing the hygroscopy of glycerol
[49]. Accordingly, a simple dry blending of starch
and glycerol without heat and shear forces seems to
be more beneficial if enhanced water absorption capacity is required.
The aim of the research was to prepare PLA/starch
and PLA/starch-glycerol composites in a wide composition range, with different glycerol content, and
to determine the water sorption of these composites
at different value of relative humidity, as well as to
characterize their mechanical and morphological
properties. The effect of both starch and glycerol
content on the composite properties was also investigated.

2. Experimental
2.1. Materials
PLA used was obtained from NatureWorks (USA,
Ingeo 4032D, Mn = 88 500 g·mol–1 and Mw/Mn =
1.8). The polymer (<2% D isomer) has a density of
1.24 g/cm3, while its melt flow index (MFI) is
3.9 g/10 min at 190 °C and 2.16 kg load. Corn starch
(S0) was supplied by Hungrana Ltd., Hungary, its
water content was 12 wt%. Glycerol with 0.5 wt%
water content was obtained from Molar Chemicals
Ltd., Hungary, and it was used without further purification or drying. Starch powders containing 12,
24, 36 and 47 wt% glycerol (S12, S24, S36 and S47,
respectively) were prepared and used in the experiments. The composition of the PLA/starch composites changed from 0 to 0.5 volume fraction in 0.1
volume fraction steps.

2.2. Sample preparation
Corn starch and PLA were dried before composite
preparation. Starch was dried at atmospheric pressure and 104 °C for 24 hours, while PLA in a vacuum oven at 110 °C for 4 hours. Starch/glycerol powders (S12, S24, S36, S47) were prepared by dryblending in a Henschel FM/A10 high speed mixer at
2000 rpm. PLA and starch (or starch/glycerol powders) were homogenized in an internal mixer (Brabender W 50 EHT) at 190 °C and 50 rpm for 12 min.
The homogenized material was compression molded
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into 1 mm-thick plates for further testing, at 2.5 MPa
and 190 °C using a Fontijne SRA 100 machine.

2.3. Characterization
The water absorption of neat PLA, S0, S24 and S47
powders, as well as PLA composites was determined
by measuring the weights of 20×20×1 mm specimens as a function of time in an atmosphere of 50
and 100% relative humidity (RH). 50% RH was
maintained above a saturated solution of Mg(NO3)2.
The initial and overall rates, as well as the final (equilibrium) amount of water uptake of the powders and
composites were calculated from the absorption
curves. The different starch powders were characterized by using a Horiba LA-950 A2 laser diffraction
particle size distribution analyzer. Mechanical properties of all PLA/starch (S0, S12, S24, S36, S47)
composites were determined by tensile testing using
an Instron 5566 universal testing machine. Tensile
modulus was measured at 0.5 mm/min, while properties at larger deformations (tensile strength, elongation-at-break) at 5 mm/min cross-head speed. The
glass transition temperature of the phases and other
thermal transitions appearing in the composites were
determined by dynamic mechanical analysis (DMA)
using a Perkin Elmer Pyris Diamond DMA apparatus in tensile mode with constant amplitude (10 µm)
and frequency (1 Hz) in the temperature range between –80 and 100 °C. Heating rate was 2 °C/min,
while the size of the specimens was 50×5×1 mm.
Samples were investigated before and after the water
absorption test. In order to eliminate the effect of
water on the glass transition temperature of TPS,

samples were dried in desiccator at 0% RH before
the DMA measurements.
The structure of the composites was analyzed by
scanning electron microscopy (SEM) using a Jeol
JSM 6380 LA apparatus. Micrographs were recorded
both on samples broken at liquid nitrogen temperature and specimens after tensile test.

3. Results and discussion
3.1. Water absorption
Capacity and rate of water ad- or absorption are the
most important functional properties of desiccant
composites. In the first part of the study, these quantities were determined for PLA, starch powders and
PLA/starch composites from the water uptake curves.
Water absorption isotherms of starch powders (S0,
S24, S47) measured at 50 and 100% RH are presented
in Figure 1, respectively. According to Figure 1, the
absorption of water by desiccants was relatively fast,
and starch powders (S0, S24, S47) absorbed 11.39,
9.01 and 13.75% of their weights at 50% RH, while
23.09, 66.60 and 77.09% at 100% RH. We regard
these values as the theoretical capacity of the investigated starch powders under our conditions. As the
figures show, water uptake of starch powders determined at 100% RH increased proportionally with
glycerol content, but at 50% RH the correlation between water uptake capacity and glycerol content is
not clear, the smallest capacity was measured for
S24, the largest for S47. A similar result was found
in the literature [48]. There is some uncertainty in
the measured capacities of the powders at 100% RH,
because the water uptake of S24 and S47 could be

Figure 1. Water absorption curves of starch powders at different relative humidities, a) 50% RH, b) 100% RH.
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Figure 2. Water absorption curves of PLA/S0 composites at different relative humidities, a) 50% RH, b) 100% RH.
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a is a constant characterizing the overall rate of water
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If we plot the water uptake as a function of the square
root of time, we should obtain a straight line, the
slope of which, b is proportional to the initial rate of
water absorption. Capacities, initial and overall rates
were calculated for PLA, starch powders and all
PLA/S0 composites. The results are collected in
Table 1 and Table 2, respectively.
The results of Table 1 show clearly that while the
water absorption capacity of PLA was much smaller
than that of the starch powders, as expected, surprisingly the initial and overall rates of PLA exceeded
those of the desiccants. In addition, the glycerol
content also decreased both rates of starch. We can
Table 1. Capacities, overall (a) and initial (b) rates of water
absorption of starch powders and PLA.

8
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r
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Y
+
25 exp Q 25at VX
(2)
where Mt is the time dependent weight increase, M∞
the final water uptake reached after infinite time (absorption capacity), D the diffusion coefficient, L the
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measured only until 400 and 200 hours, respectively, since after these times water condensed on the
powders.
The water uptake of all the PLA/unplasticized starch
(S0) composites is presented as a function of time in
Figure 2 (Figure 2a: 50% RH, Figure 2b: 100% RH).
From the figures it is clear that the maximum absorption was proportional to the starch content and to the
relative humidity as well, and was smaller than the
capacity of the neat starch powder. The shape of water
absorption curves was similar for PLA, starch powders and PLA/S0 composites, thus saturation type
correlation was recorded in all cases. As we mentioned above, the capacity and rate of water absorption are the most important functional properties of
desiccants and their composites with PLA. During
the quantitative evaluations to determine capacity
and overall rate, we assumed Fickian absorption, and
Equation (1) (derived from Fick’s second law [50]):

Relative humidity
[%]
50

100

M∞
[%]

a·106

b·103

[s–1]

[s–1/2]

M∞
[%]

a·106
[s–1]

b·103
[s–1/2]

S0

11.39

9.46

2.22

23.09

26.70

4.43

S24

9.01

5.64

1.78

66.60

1.55

1.01

S47

13.75

4.22

1.48

79.09

2.10

0.99

PLA

0.33

16.01

3.67

0.79

15.18

7.53
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Table 2. Capacities, overall (a) and initial (b) rates of water
absorption of PLA/starch (S0) composites.
Starch
content
[v/v%]

Relative humidity
[%]
50

100

M∞
[%]

a·10
[s–1]

b·10
[s–1/2]

M∞
[%]

a·106
[s–1]

b·103
[s–1/2])

10

1.27

9.06

2.18

3.20

7.51

2.09

20

2.48

4.94

1.52

6.08

5.46

1.69

30

3.61

3.13

1.01

9.18

4.90

1.62

40

4.77

2.89

1.01

11.65

5.73

1.54

50

5.93

1.87

0.69

14.74

3.92

1.21

6

3

suppose that the reason of the large difference between the water diffusion rates of PLA and starch
originated from the dissimilar free volume of the two
polymers [51].
The results of Table 2, which were determined for
PLA/S0 composites, prove that the equilibrium water
uptake (M∞) increased with starch content, but the
absorption rates decreased as a function of starch
loading. Similarly to the results presented in Table 1
for PLA and starch powders, the initial and overall
rates of water uptake of composites were lower than
that of PLA or starch powder.
The evaluation of water absorption curves of PLA/
starch-glycerol (S24, S47) composites proved to be
more difficult than it was in the case of PLA/starch
composites. The water uptake of most of these composites did not show saturation type correlation with
time, but the water uptake reached a maximum after
some hours and then it began to decrease. The extent
of weight loss depends on the glycerol content of

composites and the relative humidity. In Figure 3 the
water uptake curves of PLA/S24 composites containing 20 v/v% S24 (Figure 3a) and 50 v/v% S24 (Figure 3b) indicate that both higher desiccant content
(more glycerol in the composite) and higher relative
humidity resulted in larger weight loss. In the case
of PLA/S47 systems the weight loss was more
pronounced. According to these results, we presume
that glycerol migration caused the measured weight
loss. In order to prove this assumption, we studied the
morphology and the glass transition temperatures (Tg)
of PLA/S24 and PLA/S47 systems before and after
water absorption measurements. In Figure 4 we present the SEM micrographs of PLA/S47 composites
containing 50 v/v% desiccant, before and after water
uptake. According to the photos, the fracture surface
was much rougher after the absorption test than that
one determined before the test. Similar results were
found for all composites containing glycerol. On the
bases of these results the migration of glycerol was
presumed properly, since only the lack of plasticizer
could result in such a rough morphology in PLA/
starch composites. In Figure 5, the temperature dependence of loss tangent (tg δ) of dry and conditioned (at 100% RH) PLA/S47 samples containing
50 v/v% TPS47 also proved the glycerol migration.
Although the Tg and cold crystallization temperature
of PLA at 60–80 °C were unchanged, the Tg of TPS
increased from around –10 to 30 °C as a result of the
decreased glycerol content. Our former results also
showed that the transition temperatures of PLA did
not depend on the glycerol content of TPS in PLA/

Figure 3. Water absorption curves of PLA/S24 composites at different values of relative humidity, a) 20 v/v%, b) 50 v/v%.
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Figure 4. SEM micrograph of PLA/S47 composites containing 50 v/v% S47 recorded before (a) and after (b) water uptake
measurements (100% RH).

TPS composites, while the Tg of TPS depended
strongly on polyol content and the composition of the
composite, respectively [49]. One goal of our study
was to determine the effect of glycerol content on the
parameters of water absorption of starch desiccants.
Although we could examine this effect in the case of
starch powders, unfortunately, for composites it was
not feasible because of the previously mentioned
glycerol migration.
According to the results presented above, only PLA/
unplasticized starch composites may be a suitable
inner container in the packaging of drugs or dry
foods. Furthermore, the incorporation of starch and
its high water uptake may improve the biodegradability of PLA after the application.

Figure 5. DMA curves showing the relaxation transitions of
PLA/TPS47 (50 v/v%) composites before and
after the water absorption test.

3.2. Mechanical properties
Although the capacity and rate of water absorption
are the dominant functional characteristics of desiccant composites, mechanical properties are also very
important for the application of these composites as
packaging materials. The most important mechanical
properties related to the stiffness, strength and deformability of PLA/starch (S0) and PLA/starch-glycerol (S12, S24, S36, S47) composites were determined
as a function of desiccant loading. The composition
dependence of Young’s modulus, tensile strength and
elongation-at-break values of the investigated composites is plotted in Figure 6.
It is clear from Figure 6 that mechanical properties
could be measured with significant accuracy; the
standard deviation of the measurements is relatively
small in the case of modulus and tensile strength.
Considerable reinforcement was found in PLA/starch
(S0) composites as both stiffness and strength of
PLA/S0 composites increased with increasing starch
content. The reason of the reinforcement can be related to the good stress transfer between the components due to the strong interfacial interactions or the
small particle size of starch powder. The addition of
glycerol to starch, however, changed the composition dependence of the modulus and tensile strength
of the composites. The figures clearly show that both
the modulus and tensile strength of PLA/starch-glycerol systems decreased with increasing desiccant content with an exception of PLA/S12 composites. The
stiffness of these composites did not change significantly with increasing starch content. According to
Figure 6a and Figure 6b, respectively, the composition dependence of the modulus and tensile strength
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of S12 and S24 composites were very similar, and
so were the mechanical properties of the S36 and

Figure 6. Mechanical properties of PLA/starch (S0, S12,
S24, S36, S47) composites, a) Young’s modulus,
b) tensile strength, c) elongation at break.

S47 systems. This might be an indirect evidence of
structural similarities which we discuss later. Larger
desiccant amount resulted in smaller elongation-atbreak for all composites; however, it is difficult to
determine any correlation between the extent of the
decrease and the glycerol content of the starch powders because of the large standard deviation of this
deformability.

3.3. Morphology of the desiccant composites
In this section we discuss the results of scanning
electron microscopy with a focus on the effect of glycerol content on the morphology, and on the influence
of morphology on the stiffness and strength of the
composites. Figure 7 shows micrographs recorded
on the tensile fracture surface of selected composites.
SEM micrographs were prepared to reveal or at least
supply some additional information about the mechanism of failure, the structure and interfacial interactions in our PLA/starch composites. In heterogeneous polymer systems, stress concentration develops
around the particles under the effect of external load
and the actual stress distribution determines the local
micromechanical deformation processes [52]. These
competitive micromechanical deformation processes
take place simultaneously in composites. In particulate filled polymers the dominating deformation
mechanism is the separation of the matrix/filler interface, i.e. debonding, which usually leads to void
formation and volume increase during deformation
[53]. Debonding takes place when the energy resulting from the change of elastic deformation is equal
or larger than the work necessary to create new surfaces. Earlier experience on natural filler reinforced
composites shows that weak interaction and large
particle size lead to debonding [54], which is initiated at very small stresses. The dominating process in
the studied PLA/starch composites might have been
debonding, with a limited number of particle fractures because of the weak interactions between matrix and filler. However, the number of these latter was
much smaller than that of the debonded particles.
Glycerol might have changed at least two important
factors determining the properties of PLA/starchglycerol systems: the strength of interfacial interactions between PLA and starch, and the inherent
strength of starch particles. As the glycerol content of
starch increased, the dominating deformation process
changed, and particle fracture was hindered by the
weak adhesion between the matrix and the filler.
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Figure 7. SEM micrographs of PLA/starch composites containing 50 v/v% desiccant; a) PLA/S0, b) PLA/ S12, c) PLA/S24,
d) PLA/S36, e) PLA/S47.

Particle size and particle shape also changed with increasing glycerol content. Plasticized starch particles
seem to have larger size as a result of glycerol absorption and the diffusion of the plastizicer into the
starch particles. In order to check this assumption we
determined the particle size of starch and selected
(S12, S24) starch-glycerol powders. The results of
particle size measurement are shown in Table 3. It

can be seen that the volume average particle size
(D[4,3]) of the powders increased with increasing
glycerol content. The largest average particle size
was determined for S24 powder which was more
than two times larger than the particle size of the
pure starch powder (S0). Unfortunately, we were unable to measure the particle size distribution of
starch-glycerol powders with large glycerol content
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Table 3. Particle characteristics of the studied starch powders.
Sample

d(0.1)
[μm]

d(0.5)
[μm]

d(0.9)
[μm]

D[4,3]
[μm]

Starch powder

10.773

17.212

26.303

18.184

S12 powder

13.623

20.859

30.805

21.719

S24 powder

26.293

41.860

68.412

45.413

(larger than 24 wt% of glycerol), because the particles became sticky and adhered to each other.
As the glycerol content increases, the stiffness of
TPS decreases [48, 49, 55], which results in the softening of TPS particles. In our case, at higher glycerol
content starch particles softened at the relatively high
temperature of processing, and they started to coalesce resulting in a less uniform particle size and shape
(Figure 7d and Figure 7e). The shear forces acting
during processing were not large enough to break up
these united particles, therefore at 50 v/v% starch
content the deformation of these partially plasticized,
soft particles led to the development of a quasi-cocontinuous structure in the case of PLA/S36 and
PLA/S47 composites. This observation indicates that
PLA and plasticized starch rather formed a blend than
a composite at large glycerol content. The similar
morphology of the composites containing S12 and
S24 desiccant resulted in the similarity of the composition dependence of their modulus and tensile
strength. The same correlation also can be found between the stiffness and strength of PLA/S36 and
PLA/S47 blends.

4. Conclusions
The study of PLA/starch and PLA/starch-glycerol
composites showed that starch could absorb a considerable amount of water in PLA, thus the absorption capacity of PLA/unplasticized starch composites were close to the patented and commonly applied
polymer/zeolite desiccant composites [51]. The diffusion of water into PLA/starch composites obeyed
Fick’s laws, so the amount of absorbed water plotted
against time gave a saturation curve. Furthermore, the
absorption capacity of these composites increased
significantly with increasing starch content and relative humidity, respectively. Unplasticized starch had
not only a desiccant but also a reinforcing effect in
PLA, thus stiffness and strength increased with increasing starch loading. According to the literature,
increased water absorption capacity results in the enhanced biodegradability of PLA. All these results
imply that, on the one hand, PLA/unplasticized starch

composites may be adequate as a biodegradable
inner container in drug or dry food packaging. On the
other hand, PLA containing glycerol-plasticized
starch is not suitable for this purpose because of the
glycerol migration. Although the absorption capacity
of starch-glycerol powders exceeded that of starch
powder, the additional glycerol did not increase the
equilibrium water uptake of the desiccant composites. The smaller water absorption of PLA/starchglycerol composites compering with the PLA/starch
composites can be explained by the migration of
glycerol from the bulk to the surface of the composites. The SEM micrographs recorded on the tensile
fracture surface of the composites indicated only
moderate interfacial adhesion between the components. The dominating deformation process was definitely debonding, the separation of the matrix and
the filler at the interface under the effect of external
load, with few observable particle fractures. The addition of glycerol weakened the PLA/starch adhesion
and softened starch particles resulting in the change
of the morphology and the dominating deformation
mechanism determining the failure of composites.
At large glycerol content a quasi-co-continuous
structure developed, which indicates that the homogenization of PLA and plasticized starch resulted in a
blend rather than a composite. As a result, plasticized
starch had no reinforcing effect in PLA.
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