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The effect of moisture content and temperature on water diffusion into a modified high amy@8&J) maize
thermoplastic starch blend was investigated. Gravimetric and magnetic resonance imaging (MRI) studies were
conducted to elucidate the diffusion mechanism and diffusion coefficients for this system. The diffusion coefficient
data demonstrated that the rate of water diffusion into this blend was significantly dependent upon temperature
and moisture content. Water diffusion was faster at higher temperatures and generally for samples stored at higher
relative humidity environments. It was revealed from the gravimetric data that water diffusion into this starch
blend was Fickian; however, further analysis of the MRI images found that the water diffusion mechanism was
exponentially dependent on the concentration. This result was determined by comparing experimental water
concentration profiles to a theoretical model calculated using the implicit €iididolson finite difference method.

Introduction increase in the longitudinal dimensiérAnisotropic swelling
of this type was observed by Dreshel ef dbr diffusion of

Starch-based materials have received considerable interestcetone vapor into cellulose nitrate films and by Park éf al.
over the past 20 years due to their fast biodegradability, for methylene chloride diffusion into polystyrene.
renewability, and low cost. Despite these key advantages, the Relaxation of the polymer network is a process that affects
development of thermoplastic starch (TPS) materials is limited the rate of polymer swelling significantly. The rate of relaxation
by their mechanical strength and moisture sensitivftylo of polymer chains in response to a stress depends on whether
overcome these challenges, it is possible to blend TPS with otherthe polymer is above or below its glass transition temperature
biodegradable polymers to obtain a low cost, biodegradable (Tg).* In rubbery systems above tfg, relaxations are rapid
material with improved overall properties. Studying the ingress and diffusion into the polymer network can occur, in agreement
of water into TPS polymers is important because it has relevancewith Fick's laws® Below theTy, relaxation rates are finite due
to the biodegradation, storage, drying, and processing of theto time-dependent structural rearrangeménfthese structural
material® Water diffusion is often the first process of bio- rearrangements can lead to deviations from Fickian behavior.
degradatior. Alfrey et al12 proposed three models that can be used to describe

When a hydrophilic polymer is immersed in water, water transport phenomena into glassy polymers based on the relative
molecules diffuse into the polymer to produce a swollenfgel. rates of penetrant diffusion and polymer chain relaxatfon:
Dissolution of the polymer is prevented if the bonding between 1. Case | (Fickian diffusion): The rate of penetrant diffusion
neighboring polymer molecules is strong as a result of cross- IS significantly slower than the rate of relaxation, and the
linking or hydrogen bondingSwelling of the polymer continues ~ mechanism is diffusion controlled.
until the forces due to swelling of the polymer balance the 2. Case ll: The rate of penetrant diffusion is greater than the
osmotic pressure, driving the solvent into the swollen polyier. ratet 0f" Pg'ymer relaxation, and the mechanism is relaxation

The swelling behavior of rubbery systems can be explained cCNtro€d.
by the theorigs of rubber elasticyﬁy;)é Swelling in glagsy . 3. Case Il (anomalous): Complex diffusion beh_avior that
systems is more complicated than for rubbery systems becaus ies between the extreme case I a_md case Il models is observed.
the polymer swelling required to accommodate imbibed pen- he rate of penetrant diffusion is comparable to the rate of
etrant from the surface is initially constricted by the internal polymer relaxa_ltlon_. . .
glassy material.Due to the inability of the glassy core to extend, The water dlffus!on mechanism can be characterlzgd by the
compressive forces build up in the plane of the sample surface,pmf'le_ of the Sqrpt'f”w‘/M‘” versus time curves by using the
and initial swelling occurs predominantly perpendicular to the following equatiors:
surface, giving a thickness increase without a corresponding

=kt" (1)
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The diffusional exponent, can be used as an indicator of 41
the diffusion mechanism for a particular system. For a planar
system, an exponent of 0.5 & 0.5) is indicative of Fickian v
diffusion, andn = 1 for case Il diffusion and case Il diffusion
is shown by diffusional exponents between the limits of 0.5
and 1. Equation 1 is normally considered valid for up to the v
first 60% of normalized water uptak®(M., < 0.60)3 ? .

The work presented here is an investigation into the effect @ 21 v 4
of moisture content and temperature on the water diffusion into .4
a modified high amylose content TPS blend. Gravimetry and M
magnetic resonance imaging (MRI) were used to characterize | ;
water diffusion into this system. Gravimetric experiments allow f
monitoring of the macroscopic changes in polymer mass and
swelling. MRI is a novel method used for studying water
diffusion and swelling into polymers:15-1° The technique is
used to monitor microscopic changes in the water concentration
throughout the cross-section of the polymer without any physical Time"? (s
slicing of the polymer. A solvent front, also know as a water Figure 1. Sorption curves for the diffusion of water into a starch blend
concentration profile, is the boundary that separates swollen andat 45 °C after conditioning at a range of relative humidity environ-
unpenetrated material throughout the cross-section of theMents: ® vacuum-dried, « 23%, v 43%, B 54%, A 81% relative
polymer5 The diffusion coefficient can be calculated directly ™%
from the water Concentratlion profile obtained by MRI IMAges. condition. Prior to imaging, the polymer samples were removed from
MRI has been used previously to study water diffusion and {he \ater bath, and excess surface water was removed using a lint-free

swelling into other high amylose starch materfgis’192In tissue. The samples were then wrapped in Teflon tape to prevent water
these pub|lca'[IOI’lS, the advance Of the SO|Vent fl’Oﬂt toWard the evaporation. |mages were obtained using a Bruker AMX 300 spec-

center of the sample with time was used to calculate the ratetrometer and acquired using the standard Bruker three-dimensional
constant for swelling. In this paper, the diffusion coefficients spin—echo pulse sequence (SE3D). Thé paise time was 12s, and
were calculated directly from the water concentration profiles the echo and repetition times were 6.8 ms and 3 s, respectively. The
obtained from the MRI images by comparing them to a images consisted of 128 128 x 4 voxels. All the images have an
theoretical profile calculated using the implicit Craridicolson in-plane resolution of 62.5 62.5um and a slice thickness of 0.2 mm
finite difference method. This method of determining diffusion in a field of view of 0.8 x 0.8 cm. The total acquisition time was
coefficients is advantageous because the effect of concentratiorapproximately 25 min. It was confirmed that full relaxation of the

during the diffusion process can be investigated in detail. magnetization occurred duringetB s repetition time and also that the
T, relaxation time of the water protons did not change substantially

across the images. Therefore, the images provide an accurate repre-
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Experimental Section sentation of the relative water content throughout the polymer sample.
Preparation of Polymer. A modified high amylose maize TPS blend
(=90 wt % of starch) was supplied by Plantic Technologies Ltd. in Results and Discussion
the form of pellets. The starch was blended with a low amount of a ) ) ) )
water-soluble polyol (310%) in accordance with the pat@AtThese Water Sorption Data. Figure 1 illustrates the fractional water

pellets were processed into films of 1.8 mm thickness using a uptake §) into the starch blend films as a function of the square
compression moulder. The compression moulder was heated to 125root of time for a series of samples held in water af€=after

°C and to a force of 100 kN for 5 min. The compression moulder was equilibration at different relative humidities. The valueSfs

then cooled to room temperature over approximately 10 min, and the defined as the ratio of the absorbed mass of water at time
pressure was released. After compression moulding, the film was cut (M) to the initial mass of dry polymerMp).*® This figure

into small rectangular samples of dimensiong D.5 x 0.18 cm and illustrates that the equilibrium water content was 3650%
placed in desiccators maintained at 23, 43, 54, and 81% relative for each moisture content condition, demonstrating that this

humidity for at least 2 weeks to allow for equilibration. Each relative  starch blend can absorb-a times its original mass.
humidity environment was achieved using appropriate salt solutions

in the base of the desiccators. Separate samples were also placed in a S= |\/|t/|\/|p 2)
vacuum oven for 4 days at AT to remove moisture imbibed within
the polymer.

Water Sorption Experiments. Once samples were equilibrated at
each relative humidity and vacuum-dried environment, water sorption

studies commenced in a water bath at three different temperatures: 25 . S

. . o Studied at a water temperature of 45. Similar curves were
37, and 45C. The change in mass over time was measured in triplicate obtained for samples stored at other relative humidities and
at predetermined time intervals by removing the samples from the . di t P tother t i At short i
reservoir of distilled water, removing excess surface water with a lint- Immersed in water at other temperatures. At short imes, a inear

free tissue, and determining the polymer mass with an analytical relationship was obtained between normalized water uptake and

balance. The same three samples were used for each immersion timdn€ square root of time (up /M., ~ 0.40). Theien-Aubin

for each specific relative humidity and temperature condition studied. €t al. reported values &fl/M., ~ 0.60 for water diffusion into
The change in dimensions was also monitored at these time intervals@ Cross-linked starch polymer blend for water temperatures
by using calipers. The change in polymer mass and the swelling was between 25 and 48C.1° Wheret/2 ~ 50—60, s'2, the slope of

monitored over a 24 h period. the line, increased, as indicated by the arrow in the diagram. In
MRI. These experiments were carried out in parallel with the addition, an increase in the rate of swelling was observed at
gravimetric experiments at each moisture content and temperaturethis point, as shown in Figure 3A. CDV

Figure 2 illustrates the relationship between normalized water
uptake M/M.) and the square root of time for water diffusion
into a starch blend conditioned at 23% relative humidity and
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Figure 2. Normalized water uptake into a starch blend at a water
temperature of 45 °C after being stored in a 23% relative humidity
desiccator. The solid line denotes the best fit, where Dy = 2.4 x 107
cm?/s and n= 0.5 for a Fickian transport model. The arrow indicates
the point where solvent fronts throughout the polymer cross-section
meet. The rate of swelling after this point increases. A

The change in the overall swelling of the polymer has been
described as the swelling percent, defined as the increase in Y
dimensions relative to the initial dimensiot¥s.

The swelling data in Figure 3A was fitted to the following /'
Z

equationt® v

+—>
S=Spm(1— ™) 3) * X

Figure 3. (A) Percentage of polymer swell for starch blend samples
whereSis the swelling at time, Syaxis the maximum swelling held in wgter at 45 °C afte_r condit@oning at _23% relative hur_nid_ity: [ ]
as time approaches, andk is the rate of swelling. increase in X, ® increase in y, A increase in z. The arrow indicates
. . . . the point where solvent fronts have met throughout the cross-section
In the starch blend stucﬁed.herg, amSOt,mp'C swelllng Was o the sample. Solvent fronts meet, and the glassy core commences
observed (where the swelling in thickness is larger than in the {5 gisappear when ¢~ 45—60 min. (B) lllustration of the directions of

diameter dimension). Anisotropic was also observed byi&he the polymer sample measured.

Aubin et al. for water diffusion into a cross-linked high-amylase

starch tablet? Table 1. Values of Mi/M., for the Entire Sample to be above Ty at
As will be demonstrated by the MRI results reported later, 25, 37, and 45 "C*

this was the point where the solvent fronts within the cross- temperature (°C) M/ M.,

section of the polymer meet. After this point, water sorption 25 0.63

was significantly faster as the swelling of the rubbery sheath 37 0.49

was no longer restricted by the central glassy core of the film. 45 0.25

AS t.he Immersion temperature |r)creased towar E] . the a Mi/M.., values were averaged over the five relative humidity environ-
material, the amount of water required to take the entire sample yents for each temperature condition.

above theTy decreased. This trend is summarized in Table 1,
where the ratio oM/M., decreased as the water temperature very advantageous for water diffusion characterization, as it
increased. These values Mf/M., were obtained by taking the  allows the dependence of the diffusion coefficient on the water
average values over the five different relative humidity environ- content of the polymer to be studied.
ments for each temperature condition studied. This behavior is Figure 4 shows a series of MRI images obtainedravé h
consistent with the work of Gehrke et al. who observed a similar period for a starch blend material conditioned at 23% relative
trend for the water transport into poly(hydroxyethyl meth- humidity and immersed in water at 46. The intensity in these
acrylate) at different temperatur®s. images denotes the water concentration. As the immersion time
MRI Investigation of Water Diffusion. Determining the is increased, a higher water concentration is observed throughout
diffusion coefficient of a polymerpenetrant system by gravi-  the cross-section. For Figure 4A, the center of the polymer is
metric studies involves continual monitoring of sorption changes still in a glasslike state, as shown by the lack of water protons
over a period of time to be able to construct a sorption curve. throughout the cross-section. Figure 4B illustrates some degree
Therefore, only an average diffusion coefficient can be deter- of water intensity throughout the polymer center, indicating that
mined for a specific condition and duration of gravimetric study. the solvent fronts have met. In Figure 4C,D, the entire polymer
By using MRI to investigate the water distribution throughout sample is above it$g, as the water concentration is the same
the polymer, it is possible to visualize the solvent front throughout the polymer cross-section. The amount of polymer
throughout the polymer at any particular time during the sorption swell over time is evident in these series of images.
process. The solvent front obtained from the MRI images can  Figure 5 illustrates a series of MRI images obtained over a
be used to calculate the instantaneous diffusion coefficient at a4 h period for a starch blend material conditioned at 23% relative
particular time. This property alone of the MRI technique is humidity and immersed in water at Z%&. It is evident byCDV
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Max takes into account the polymer swell. It was found that the
theoretical concentration-dependent Fickian model described the
water diffusion best in this starch blend. This is reflected by
the convex water concentration profile shape within the polymer
studied here, reported by George et al. as a characteristic trait

) 2mm for concentration-dependent Fickian diffusitiConcave pro-

(x)f [ — files depict concentration-independent Fickian diffusion.

Determination of Diffusion Mechanism and Coefficient.

The solvent front through the cross-section of the polymer

A) By 401 ARHIENT sample can be obtained directly from the MRI data, and, from

a single image, the diffusion coefficient can be determined at

that particular time.

Figure 4. MRI images showing the intensity of water protons across
the diameter of a starch blend film initially conditioned at 23% relative

humidity and in water at 45 °C after (A) 30 min, (B) 1 h, (C) 2 h, (D) In the study, diffusion coefficients were calculated by
4 h. In image C, x indicates the thickness direction and y indicates comparing the experimental MRI data to a theoretical model
the width direction. generated by solving the one-dimensional Fickian diffusion
model?2
2
% _prc (4)
S

In our study, the best fit to the experimental data could only
be made by applying an exponential dependence on the
concentration. Therefore, the diffusion coefficie®)(was
assumed to be exponentially dependent upon the concentration:

A) (B (©) (D) Min D = D& (5)

Figure 5. MRI images showing the intensity of water protons across
the diameter of a starch blend film initially conditioned at 23% relative whereC is the concentration at a poir@ is the concentration

humidity and in water at 25 °C after (A) 30 min, (B) 1 h, (C) 2 h, (D)
4 h. In image C, x indicates the thickness direction and y indicates
the width direction.

at the surface, anBo and A are constants.

During water sorption, this system swelled appreciably, and
this swelling was taken into consideration by modifying the
diffusion rate and rescaling the linear distances. The diffusion
rate becomes

1.0 A /, (/o)
D,=Djg—F—— 6
'+ 8(CICy) ©)
0.8
\ whereS, is the degree of swelling calculated as the maximum
06 \ thickness of the sample at full swelling thickness divided by
the initial thickness of the polymer.
044 For diffusion in a plane sheet when the diffusion coefficient,
D, is constant, convenient variables are
021 \ 4 Dt D
/ x=XT="c=Sp=_
‘ ‘ \ : -7 ‘ | I Co Do
.0 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0

0.0
-1

crc,

wherel is the half thickness of the polymer sample.
In this particular case, the diffusion coefficient is concentra-
tion dependent, and it is useful to introduce the variable:

Distance (mm)

Figure 6. Experimental water concentration profile (—) compared to
the theoretical fit (— — —) along the x-axis of a starch film conditioned
at 43% relative humidity and immersed in water at 37 °C for 10 min.

s= [‘Ddd [ Ddc @)

comparing the MRI images summarized in Figures 4 and 5 that |, terms ofs, eq 7 may be written as

there is a higher concentration of water present within the

polymer studied at a higher water temperature®@pcompared 9 9%s

to the samples studied at a lower water temperature®@5 a5t = 8?2 (8)
summarized in Figure 5, where the duration of immersion in

water was kept constant. Equations 4 and 8 were solved using the implicit Crank
Figure 6 shows the water concentration profile derived from Nicolson finite difference method, where the nondimensional
the cross-section of an MRI image for a starch blend sample step change for distance waX = 0.02, and, for time)T =
initially dried in a vacuum oven, then immersed in water at 25 (6X)%2. Symmetry about the center of the sample was assumed.
°C for 10 min. This experimental profile is compared to a  The real values of concentration as a function of time and
calculated concentration-dependent Fickian diffusion model that distance were obtained by reversing the transformations.él’lgs
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Table 2. Summary of Values of Dy, A, and n Determined from the Analysis of the MRI Images at 25, 37, and 45 °C

25 °C 37 °C 45 °C
Do x 1077 Do x 1077 Do x 1077
condition (cm?/s) A n (cm?/s) A n (cm?/s) A n
vac dried 0.6+0.6 22401 0.50 1.2+04 23+0.1 0.50 23+03 224+0.2 0.53
23% 1.3+0.7 23+0.1 0.53 1.8+ 05 23+0.1 0.57 24+£05 23+£0.1 0.50
43% 1.6+£0.1 21+03 0.51 20£0.2 22+0.1 0.52 25+£0.7 22+£0.2 0.50
54% 1.8+ 0.6 23+£0.2 0.50 2.7+0.6 21+0.5 0.51 29+0.1 1.6+0.2 0.52
81% 24+0.1 22+0.2 0.47 33+04 22+0.2 0.50 3.8+04 22+0.1 0.50

swelling is accounted for by applying the following transforma- 1047

tion for distances: 108 | .
i -10.8
X =1dX "% (1+ S,c) ) 110 -
- —~ -2 —
The MRI images were measured and analyzed over the range% 144 °

of 0.10 < M/M. < 1.0. It was observed that, once the glassy

core disappeared, there was an abrupt change in the dimensions 1€ 1
of the polymer. Therefore, at this point, the diffusion kinetics 118 4
change, and the concentration-dependent Fickian diffusion

model would no longer describe this system. This was also 207
observed by George et al. in their concentration-dependence 5, i . . : . i

study for water diffusion into HEMA-MOEP hydrogel3. 3.10 3.15 3.20 3.25 3.30 3.35 3.40

The values ofDg and A summarized in Table 2 were 1T (10%) (K
calculated from me"es with vaIues_ M‘/M“’ = 0.60. Values Figure 7. Arrhenius plot of the starch blend after storage in the
of nwere determined from the gravimetric data under the same yacuum oven. The experimental £, values are shown by circles, and
M¢/M., restriction. The errors iy andA were determined by  the solid line is the fit to the Arrhenius equation.
calculating the standard deviation in the data. There is a general
trend for Dy to increase with temperature and storage relative to this theory, there are, in any liquid or solid, a number of
humidity. Diffusion is faster at higher temperatures due to the holes arising from thermal fluctuations; diffusion takes place
increase in kinetic energy of the water molecules and faster by a molecule leaving its current position and jumping into a
relaxation of the polymer. Faster diffusion for samples condi- near-neighbor hole. These holes are created by Brownian or
tioned at higher relative humidity conditions can be explained segmental movement of the molecular chain segments and by
by an increase in free volume due to plasticization with water a number of van der Waals bonds breaking, giving rise to a
molecules at higher relative humidities. The averBgevalue site of higher energy; the amount of energy required increases
calculated for each relative humidity storage condition increased with the size of the hole. Thus, according to Boltzmann'’s law,
as the relative humidity storage environment increased, althoughthe concentration of holes decreases exponentially with their
the standard deviation in the data suggests that this increase isize. Assuming that the polymepenetrant bonds are weaker
not significant. It is a plausible result that the water diffusion than polymer-polymer bonds, then the energy required for a
increased with higher relative humidity storage environments, hole of a certain size decreases linearly with increasing penetrant
as there would be more plasticization due to the higher concentration. If the number of holes is big enough to permit,
concentration of sorbed vapor. The plasticization due to the diffusion should increase exponentially with increasing penetrant
higher concentration of sorbed vapor facilitates diffusion by concentration. The diffusion coefficient is approximately pro-
increasing polymer chain flexibility and mobility. The values portional to the number of holes per unit volume, and the
of n indicate that water diffusion follows the Fickian diffusion diffusion coefficient should increase in an exponential manner
mechanism. with concentration.

The possibility of dissolution of the polymer during the water Activation Energies (Ea). The values oDg increase signifi-
sorption studies was considered, and it was found that therecantly with increasing temperature, which allows the calculation
was no significant loss of mass of polymer up to the first 2 h of the activation energy for each moisture content condition
of water diffusion into the material (less than 10 wt % of studied. The values dDo determined from the MRI images
polymer). were used to construct an Arrhenius plot of the logarithm of

As previously mentioned by George et@Crank considered Do (In Do) versus the inverse of temperatureT{1/Figure 7
in great detail the effect of a concentration-dependent diffusion shows an Arrhenius plot for starch blend samples stored in the
coefficient when analyzing the swelling of polymers. As reported vacuum oven. Similar plots were constructed for the remaining
earlier, the best fit to the experimental data could only be made four relative humidities.

by using an exponential dependencédadn the concentration. Table 3 summarizes the values of thecalculated for each
George et al. also gave reference to Erying’'s “hole theory of moisture content condition. The error was determined by
diffusion”, which can be used to explain this behawbdm his comparingE, values calculated using the mean value®gfo

theory was first popularized by Barférand can be used to  the E, values calculated using values Bf + 1 standard
describe diffusion in amorphous polymers. The hole theory of deviation. TheE, results obtained in this study are realistic, as
diffusion in amorphous materials is an extension of the lattice they compare to thE, values obtained by Thien-Aubin et al.
vacancy or defect theories of diffusion in crystals. According for water diffusion into a chemically modified high amylo&%v
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Table 3. Summary of E, Values Calculated for Each Relative starch-based tablet8. To deduce more information about the
Humidity Storage Condition water diffusion process observed here, water diffusion into the
condition E, (kJ/mol) individual blend components should be studied.
vac dried 55+ 18 .
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