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Using literature data we have studied the rheological behaviour of concentrated maltodextrins and starches. We
show that much of their rheology, like zero shear viscosity and shear thinning behaviour, appears to be governed
by the ratio of the glass transition temperature and actual temperature, Ty/T, as the scaling parameter. Via this
scaling, we can apply time-temperature-solvent superposition principle, which is also validated for linear dy-
namic viscoelastic experiments at different temperatures, compositions, and moisture content. Furthermore, we

show that the dynamic viscoelastic experiments follow the Marin-Graessley model, indicating that concentrated
maltodextrins and starches behave as transient (entangled) networks.

1. Introduction

Knowledge of the rheology of concentrated polysaccharides is
important for quite a number of food and pharmaceutical processes:
expansion of starchy snacks (Kristiawan et al., 2019; Philipp et al., 2018;
van der Sman & Broeze, 2014); extrusion of breakfast cereals (Lai &
Kokini, 1991); 3D printing (Gholamipour-Shirazi et al., 2019; Liu et al.,
2019); spray drying (Palzer, 2009; Siemons et al., 2020), hot melt
extrusion (Aho et al., 2015; Paradkar et al., 2009) and powder stability
(Sritham & Gunasekaran, 2017; Ubbink & Dupas-Langlet, 2020). In
these applications rheology is important for a) flow through constric-
tions like feeding nozzles or dies, b) sintering/agglomeration of multiple
droplets or threads, or c) resistance of the food matrix against the
expansion of bubbles or cavities. Hence, these different applications can
benefit from a more general molecular and mechanistic description of
the rheology of the polysaccharides present in the food matrices. In these
applications often maltodextrins and starch are used as the food matrix.
Maltodextrins are often used as model systems for understanding com-
plex food processing like spray drying (Descamps et al., 2013; Gian-
francesco et al., 2010), powder stability and encapsulation
(Dupas-Langlet et al., 2019; Ubbink, 2016; Ubbink & Dupas-Langlet,
2020).

As we have found for the zero-shear viscosity of a multitude of

carbohydrates (van der Sman & Mauer, 2019), we shall investigate
whether the rheology of concentrated maltodextrins and starches is also
governed by the scaling parameter Ty/T, which is the ratio of the glass
transition temperature T, and the actual temperature T, both given in
Kelvin.

Also, for several synthetic polymers, a universal scaling of zero shear
viscosity and structural relaxation times with Ty/T is claimed (Agapov
et al., 2018; Ding & Sokolov, 2006; Liu et al., 2006; Maranas, 2007;
Sokolov & Schweizer, 2009; Zorn et al., 1995). The original idea comes
from Angell, who has used the scaling of viscosity with T,/T to inves-
tigate the so-called fragility of systems (Angell, 2002), which is the
relative strength of property changes in going from the liquid state to the
glassy state (Zorn et al., 1995). Furthermore, recently it is shown that
rheology of glycerol/water mixtures scales with Ty/T (Jensen et al.,
2018). In food science, it is shown that horizontal shift factors for
different soy pastes (differing in crosslink density) also follow the Ty/T
scaling (Ashokan & Kokini, 2005).

We note, that in food science zero shear viscosity has often been
modelled with Williams-Landel-Ferry (WLF) or Vogel-Fulcher-
Tammann (VFT) theories. In particular, these theories have been
applied to maltodextrins and starches (Avaltroni et al., 2004; Both et al.,
2019; Normand et al.,, 2019; Sillick & Gregson, 2009; Ubbink &
Dupas-Langlet, 2020). However, often model parameters have to be
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refitted for each moisture content, no universal values of these param-
eter apply for the whole or broad moisture content range. Moreover, it is
suggested that the moisture dependent T parameter in the VFT theory is
linear with Ty (Sillick & Gregson, 2009). If that assumption is inserted in
the VFT theory, it would say that viscosity is a function of T/T. If this
scaling of viscosity holds true for food materials, it will greatly improve
their predictability as the model parameter T, can be measured inde-
pendently of rheology, in contrast to model parameters of WLF and VFT
theory, which have to be fitted for each moisture content.

For many of the above-mentioned food applications actually the
shear-rate dependent viscosity is more relevant for processing than the
zero-shear viscosity (Della Valle et al., 1996; Gholamipour-Shirazi et al.,
2019). Hence, we will first investigate the scaling of the
shear-rate-dependent viscosity of maltodextrins and starch. Given the
validity of the Cox-Merz rule for maltodextrins (Dupas-Langlet et al.,
2019; Sillick & Gregson, 2009) the shear-rate dependent viscosity can
also be obtained via dynamic viscoelastic experiments, i.e. small
amplitude oscillatory (SAOS) rheology. Moreover, SAOS also renders
information about the elastic part of the (linear) rheological response.
For SAOS one often constructs master curves via the time-temperature
superposition principle (Kristiawan et al., 2016). We question whether
such time-temperature superposition can be extended to
time-moisture-temperature superposition, using the Tg/T scaling
parameter.

In this paper, we shall investigate in particular whether the various
rheological properties of maltodextrins (Dupas-Langlet et al., 2019;
Kasapis & Shrinivas, 2010) and (extruded) starch (Kasapis et al., 2000;
Kristiawan et al., 2016) scale with Ty/T, and if this generalized super-
position principle applies to zero shear viscosity, flow curves and SAOS
measurements. If this scaling holds true, it would allows us to predict
their rheological properties under conditions which are difficult to
attain experimentally, but which are often very relevant for applications
(Gholamipour-Shirazi et al., 2019; Kristiawan et al., 2019; Lai & Kokini,
1991; Liu et al., 2019; Palzer, 2009; Philipp et al., 2018; Siemons et al.,
2020; van der Sman & Broeze, 2014).

The paper is organized as follows: first, we describe the theory for the
shear-rate dependent viscosity, and the Marin/Graessley model. Subse-
quently, we present the results: a) the zero-shear viscosity of malto-
dextrins, b) the shear-rate dependent viscosity of maltodextrin and
starches, and c) the SAOS rheology of maltodextrin and starch. We
finalize with an overall discussion and conclusions.

2. Theory on rheology of concentrated polysaccharides

In this section we introduce theories describing the rheology of
concentrated food biopolymers, in the regime of a) very large strains,
and b) small oscillatory strains. Rheology in regime a) is normally ob-
tained via measuring flow curves, showing the viscosity as a function of
shear rate. Many biopolymers will show shear-thinning behaviour,
where the viscosity decreases with shear-rate via a power law. In regime
b) SAOS measurements will deliver both the viscous and elastic (linear)
response of the material. In this paper, we restrict our investigations to
concentrated food biopolymer solutions, where the concentration is
significantly larger than the so-called overlap concentration c*, which
demarks the so-called semi-dilute regime. For even higher concentra-
tions, in the so-called concentrated regime, the biopolymers are highly
entangled and exhibit viscoelastic behaviour (Morris et al., 1981).

Shear-thinning happens due to the disentanglement of the polymer
network: the transient network junctions are broken at a higher rate
than they are created (Morris et al., 1981). In the shear-thinning regime
the shear-rate dependent viscosity is often described as a power law:

n() = Koy"™! @

K) is the consistency, and n is the shear-thinning exponent.
Della Valle has proposed scaling for shear-thinning viscosity to

Food Hydrocolloids 124 (2022) 107306

obtain a master curve (Kristiawan et al., 2016; Valle et al., 2007):
n/ar = f(yar) (2)

with ar designated as the horizontal shift factor, which is later also used
in the scaling of SAOS measurements. ar has an Arrhenius-like de-
pendency on temperature, but it is also dependent on moisture content.
Only empirical correlations between ar and moisture content have been
developed. (Cervone & Harper, 1978; Kristiawan et al., 2016; Valle
et al., 2007; Vergnes & Villemaire, 1987). If the scaling is substituted
into the above power-law relation, Eq. (1), we obtain:

’1/07 = Kref(}.’aT)Wl 3)

Here Kpis the consistency at the reference temperature, where ar = 1.
The above relation implies that n is independent of the water content
and temperature (Vergnes & Villemaire, 1987).

Shear-thinning happens only beyond a critical shear rate 7. Below
this critical value, one expects Newtonian behaviour of the viscosity.
The Carreau-Yasuda model captures both Newtonian and shear-thinning
behaviour: (Caputo et al., 2004; Fatkullin et al., 2011):

n() = nol1 + (/7)) "

with n the same exponent as in the power law model, and 7 is the zero-
shear viscosity. For entangled polymers it is found that 0.2 < n < 0.4.
The Carreau model assumes that a = 2, while the Cross model assumes
that a = 1. For the general case it holds 1 < a < 2 (Heo & Larson, 2005).
The inverse of the critical shear rate represents a fundamental relaxation
time, 7., =1/, which is dependent on both temperature and moisture
content (Caputo et al., 2004). Furthermore, for linear polymers it is
found that 7., depends on the molar weight: 7, ~ M, leading ton =1/p
(Fatkullin et al., 2011). It is found that p ~ 3.5, and hence n ~ 0.3
(Fatkullin et al., 2011; Stadler & Mahmoudi, 2011), agrees with most of
the scalings found for food biopolymers (Bengoechea et al., 2007; Red],
Morel, Bonicel, Guilbert, & Vergnes, 1999; Song et al., 2007; Valle et al.,
2007).

It is assumed that both the zero-shear viscosity 7 and the relaxation
time 7., show an identical dependency on temperature and moisture.
Hence, the Carreau-Yasuda model scales as:

N() = arn, g [1 + (arte) ] 5

The Arrhenius function (Mighri et al., 2001) or WLF function is often
applied for ar (Aho & Syrjala, 2008; Williams et al., 1955).

However, we pose the hypothesis, that similar to low molecular
weight carbohydrates (van der Sman & Mauer, 2019), the zero-shear
viscosity of food biopolymers can be modelled as a function of Ty/T,
with T, the glass transition temperature (Ubbink & Dupas-Langlet,
2020). This ratio captures both the effect of temperature T and the
moisture content, as T, is dependent on moisture, cf. the
Couchmann-Karasz model (Van der Sman & Meinders, 2011):

YwTewACyy + ¥ T AC, ¢

T, = 6
¢ YwAC,, +¥,AC, ©)

with y,, = 1 — y, the mass fraction of water. In an earlier publication, we
have shown that the Couchman-Karasz model holds for both starch and
maltodextrins with the following parameter values: Ty, = 134 K for the
glass transition of pure water, Tgs = 500 K for the glass transition of pure
(dry) starch, AC, s = 0.42 J/kg.K, and AC,,,, = 1.94 J/kg.K the changes
in heat capacity during the glass transition of the dry polysaccharide and
water (Van der Sman & Meinders, 2011).

We expect the spectrum of the SAOS rheology to follow the universal
master curve for associative networks/entangled polymers (Groot &
Agterof, 1995), which is reproduced in Fig. 1. This universal master
curve has four zones:
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Fig. 1. Universal master curve for associative (transient) polymer networks,
inspired by the graph in (Groot & Agterof, 1995), reproduced with the
Marin-Graessley model. Also, we have indicated how characteristic points
relate to model parameters.

@ terminal zone
@ plateau zone
@ transition zone
@ glassy zone

The graph shows the elastic modulus G’ and the loss modulus G” as a
function of the angular frequency w. In the terminal zone, the system
behaves as a (creeping) viscous fluid, with G’ ~ w and G' ~ wz, as fol-
lows from the Maxwell model of viscoelastic fluids. In the plateau zone,
the system behaves more like a gel, with G’ > G"'. A characteristic point
is the plateau value of G’ = Gy, which appears if G’ goes through a
minimum. Gy is viewed as a measure of the crosslinks density, which can
be either covalent or transient physical links like entanglements. In some
systems, like oligomers with chains that are too short to entangle, the
plateau zone can be even absent.

In the transient zone, G’ and G” are of the same order. For long linear
polymers, the Rouse model predicts a scaling with G ~ G’ ~ w?. For
other polymer architectures, other scaling exponents are found. In this
zone, the system behaves more like a (viscoelastic) liquid than in the
plateau zone. At very short time scales the system behaves as a glassy
system, showing a maximal value in G’ = G,. The maximum in G” is
shown at the transition into the glassy state. G’ decreases with fre-
quency, with G’ > G'': the glassy polymer responds as a hard elastic
solid.

The Marin-Graessley model captures the essential aspects of the
universal master curve in a quantitive way (Marin & Graessley, 1977). It
supposes that the mechanical spectrum is the resultant of three relaxa-
tion modes, with one being the Maxwell relaxation, and another being
the a-relaxation, which is thought to occur universally in glass-forming
systems. The a-relaxation and the third relaxation mode are described by
a Cole-Cole model, commonly used to describe dielectric properties of
polymers.

The Marin-Graessley model is expressed in terms of the complex
compliance J* = 1/G*, which is the inverse of the complex modulus: G*

=G +iG" (withi = v-1):

1 b,k
iwty 1+ (iwt,)’ 1+ (iot,)"

J () =Ju |1+ )
The third mode is included by Marin and Graessley to broaden and
flatten the response in the plateau-zone, which can be due to poly-
dispersity in the molecular weight distribution (Wasserman & Graessley,
1992).
We will also use a simplified (2-mode) model, having only the
Maxwell and a-relaxation modes:
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1 ke

J (@) =J |l + —F+—2—
(@) + 0Ty + 1 + (iwty)

®

7y is the relaxation time of the Maxwell relaxation mode, and 7, is the
relaxation time. G, = 1/J is the elastic modulus in the glassy zone,
expected to be in the range of 1-10 GPa (Kilburn et al., 2005). The
plateau modulus is related to Gy =~ k,/J. The meaning of the various
parameters is illustrated in Fig. 1.

If time-temperature superposition holds, all relaxation times 7y, 74,
and 7, should scale in a similar way as the zero shear viscosity 79 (Marin
& Graessley, 1977). For maltodextrins it is assumed that the horizontal
shift factor ar indeed scales with the zero-shear viscosity (Dupas-Langlet
et al., 2019; Palzer, 2010) - both following WLF theory for example
(Williams et al., 1955).

3. Results
3.1. Zero shear rheology of maltodextrins

For the zero-shear viscosity of carbohydrates, 79, we have shown that
a universal master curve is obtained if the viscosity is plotted against Ty/
T (van der Sman & Mauer, 2019). We investigate whether that a similar
master curve can also be obtained for maltodextrins that are charac-
terized by relatively long chain lengths, i.e. maltodextrins of low
dextrose equivalent (DE = 2). Experimental data are obtained from the
following data sources (Sillick & Gregson, 2009; Dupas-Langlet et al.,
2019; Normand et al., 2019). In these studies the actual values of T, of
the measured mixtures are not given, but they have been fitted with
either Gordon-Taylor or Couchman-Karasz. In line with our previous
studies, we have chosen to use Couchman-Karasz, Eq. (6), for computing
T, for a given the moisture content yy,. For Ty of the dry material we use
the values as given by the literature sources. For the other model pa-
rameters in Eq. (6) we take well established values, as indicated in
several studies (D’'Haene & Van Liederkerke, 1996; Van der Sman &
Meinders, 2011; Normand et al., 2019; Siemons et al., 2020). Further-
more, we note that the use of predicted T, values, as based on
Couchman-Karasz, has the advantage of averaging out unavoidable
statistical fluctuations in the experimental values, and thus increases the
accuracy of the constructed master curve. We note, that in the remainder
of this paper the use of T; also implies their predicted values using
Couchman-Karasz.

Thus, via the above procedure we construct the master curve without
any parameter fitting. The constructed master curve for maltodextrins is
shown in Fig. 2, together with the master curve for carbohydrates. We
observe that the viscosity of maltodextrins of low DE values also shows a
master curve if plotted against T,/T, albeit that at high T,/T values there
is some deviations occurring. These deviations we attribute to diffi-
culties with obtaining reliable experimental data at these very high
viscosities, which have been obtained with a different experimental
method than the data in the range Tg/T < 0.9. In this latter range the
data of the different sources nicely superimpose on each other.

However, the resulting master curve of maltodextrins does not
coincide with that of small sugars. Yet, the shape of both master curves is
similar: the dashed line indicating the master curve of maltodextrin is
fitted via vertical shifting of the carbohydrate master curve by a factor of
10. Angell states that viscosity curves of different compounds can have
different master curves if plotted against T,/T if they differ in fragility
(Angell, 2002).

Several other data sets are comprising maltodextrin mixed with a
small carbohydrate, namely maltopolymers mixed with maltose
(Dupas-Langlet et al., 2019), and maltodextrin DE18 and sucrose (Sillick
& Gregson, 2009). For these datasets we have also investigated, whether
they follow the above scaling of zero shear viscosity with Tg/T. For these
ternary mixtures, a modified Couchman-Karasz relation needs to be
used, to account for non-ideal mixing in the ternary mixture (van der
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Fig. 2. Viscosity of simple carbohydrates and maltopolymers as function of T,/
T. Master curves for sugars and maltopolymer are indicated with solid and
dashed lines respectively. Maltodextrins with low DE values collapse to a
master curve (cyan symbols), which is significantly higher than those for simple
sugars or polyols (magenta). Sources of experimental data and corresponding
Ty values are indicated in Table 1, using the color coding of Matlab plots as
listed in the table. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Sman, 2013; van der Sman & Meinders, 2013). Earlier, we have shown
that the glass transition of dry mixtures of a biopolymer and a disac-
charide does not follow the common Couchman-Karasz relation (van der
Sman, 2013; van der Sman & Meinders, 2013), which is assumed to be
due to large heterogeneity in the matrix, or even possible phase sepa-
ration in the system - as hinted by recent measurements (Hughes et al.,
2018; Martini et al., 2020; Masavang et al., 2019; Roudaut & Wallecan,
2015). We have accounted for this deviation via a weighted averaging of
the T of the dry ingredients (van der Sman & Meinders, 2013). We have
used the following relation, which is similar to the Gordon-Taylor
equation:

_ Ympx Tonpx +F (1 — yupx ) Ty

T 5
& yupx +f(1 = Yupx)

9

Yumpx is the mass fraction of maltodextrin, and Ty is the glass transition
temperature of the dry carbohydrate, i.e. either maltose or sucrose. fis a
correction factor for the non-ideal mixing, which varies in the range 2 <
f <6 for disaccharides (van der Sman & Meinders, 2013). This non-ideal
mixing is observed for several ternary mixtures of biopolymers, sac-
charides and water (Imamura et al., 2002; Shamblin et al., 1996;
Shamblin & Zografi, 1998; Taylor & Zografi, 1998; Townrow et al.,
2007; Vasanthavada et al., 2004). The cause of this deviation is the
heterogeneity of the matrix of biopolymer and saccharide (Shamblin &
Zografi, 1998), similar as we have proposed for mixtures of starch,
polyols and water (Van der Sman, 2019).

We apply this equation for characterizing the glass transition of dry
mixes of maltopolymer and maltose, and fit f to experimental data from
(Dupas-Langlet et al., 2019; Ubbink et al., 2007). We note that the
experimental data for Tg are obtained independently of the rheological
data.

For the fitting we use the value of T = 353 K for maltose, Ty, = 336
K for sucrose (van der Sman & Mauer, 2019), and Tgppx = 500 K (Van
der Sman & Meinders, 2011) for a long-chain maltodextrin. A reason-
able fit is obtained for f = 5, as shown in Fig. B1 (see Supplementary
Materials). Using the above equation, Ty is substituted in Eq. (6) to
obtain Ty of the ternary mixture, which is then used for constructing the
curve of zero shear viscosity 7o versus Ty/T. For the maltopoly-
mer/maltose mixtures the scaling of 5o with Ty/T is shown in Fig. 3,
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Fig. 3. Viscosity of maltodextrins, and mixtures of maltopolymer and maltose
as function of Tg/T. The data falls in either of the two classes shown in Fig. 2.
Sources of experimental data are indicated in Table 1, using the color coding of
Matlab plots as listed in the table. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

where we have used the rheological data of (Dupas-Langlet et al., 2019).
This dataset also includes viscosity data in the range of 0.9 < Ty/T < 1,
but there is too much scatter in the data to draw any definite conclusions
(as also shown in Fig. 2), and hence we have excluded these from Fig. 3.

In Fig. 3 we observe that the data sets for maltopolymer/maltose
mixtures fall either in between the master curves (reproduced from
Fig. 2), or on the master curve for large maltodextrins. The mixtures of
maltopolymers and maltose show that 80:20 mixture (black squares =
ks) and 50:50 mixture (red stars = r*) follow largely the viscosity of the
long-chain maltodextrins, while the 20:80 mixture (yellow circles = yo)
is closer to the viscosity of the small carbohydrates.

We have also included new data recently measured in our lab on
maltodextrins varying in DE-values (Siemons et al., 2020). These sys-
tems can be viewed as a polydisperse mixture of maltopolymers and
small oligosaccharides/sugars, thus bearing a strong resemblance to the
above bidisperse maltopolymer/sugar systems. T; values are computed
independently, using the relations established in our earlier paper
(Siemons et al., 2020), where we combined Couchman-Karasz with the
Fox-Flory relation. The latter relates T, s to the molecular weight of the
maltodextrin (or equivalently the DE-value).

The viscosity versus Ty/T of the polydisperse maltodextrins is
depicted in Fig. 4, with used symbols listed in Table 1 (following the
coding of Matlab plot function). The used glass transition temperature of
the dry ingredients Ty to compute Tg in the scaling parameter Tg/T is
also listed in Table 1.

Despite some experimental variations, we observe that the data for
the polydisperse maltodextrins largely fall on either the master curve for
small sugars or the master curve for large maltodextrins. The datasets of
DE5 and DE12 coincide with that of the larger maltodextrins, while for
DE > 21 the viscosity follows that of small sugars. Despite the clear
variation in the experimental data, the results for the polydisperse
maltodextrins also suggest that viscosity master curves fall in two
distinct classes, as also shown in Fig. 2.

3.2. Shear thinning behaviour

Shear-thinning is observed for maltodextrin (18 DE) containing 16%
water (Sillick & Gregson, 2009), including a Newtonian plateau of
smaller shear rates. After rescaling the actual viscosity with zero-shear
viscosity, 7/1o, and multiplication of the shear rate with 70/ a mas-
ter flow curve can be constructed using measurements at various
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Fig. 4. Viscosity of polydisperse maltodextrins as function of T,/T. The data
falls in either of the two classes shown in Fig. 2. Sources of experimental data
are indicated in Table 1, using the color coding of Matlab plots as listed in the
table. For comparison we have repeated the data of maltopolymers (cyan
symbols) and small sugars (magenta symbols). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version
of this article.)

temperatures. (7 is the zero shear viscosity at some arbitrary taken
reference temperature Tr). The master curve for Tref = 20°C is shown in
Fig. 5. A power law holds for high shear rates (77,1 /f,r>1). Note,
Tref = 1/7cr ref» is an arbitrary shift factor, related to the critical shear rate
Verres at reference conditions.

The scaling exponent is n = 0, as obtained via fitting. Shear thinning
of maltodextrins is also observed by (Castro et al., 2016), who have
measured maltodextrins with 2 < DE < 19.

Furthermore, we have collected data sets from literature regarding
extruded starch rheology, which are listed in Table 2. For most of these
studies an extruder is used, but for the rice and oat flour extrusion is
performed using a capillary rheometer. It is assumed that all starch
crystallites have melted during extrusion, which happened before the
rheological measurement. Starch might have degraded during extrusion
(Della Valle et al., 1995), lowering the average molar weight and slightly
modifying the Ty - as inferred by the Fox-Flory relation (Van der Sman &
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Fig. 5. Superposition of flow curves for MDX DE18 (circles) (Sillick & Gregson,
2009Sillick & Gregson, 2009) and starch with data sources and color codes
shown in Table 2. Horizontal and vertical shifting is performed with the
zero-shear viscosity 77o. Shear-thinning exponent for MDX18 is n = 0 (solid line),
and for starch n = 0.2 (dashed line), as obtained by fitting. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Table 1

Sources of literature data on viscosity of maltodextrins and sugars, with tem-
perature (T) and moisture content (M.C.) ranges, and the symbols used in the
plots of Figs. 2-4.

Compound Tys Reference T(°C) M.C. symbol
x)
Fructose 306 (Migliori et al., 0-20 5-70% m*
2007)
Fructose 306 (Rampp et al., —15..20 30-85% mv
2000)
Fructose 306 (Telis et al., 2007) 0..85 10-60% mv
Glucose 306 (Migliori et al., 0..20 5-70% m*
2007)
Glucose 306 (Telis et al., 2007) 0..85 10-60% mv
Sucrose 336 (Migliori et al., 0..20 5-70% m*
2007)
Sucrose 336 (Telis et al., 2007) 0..85 10-60% mv
Maltose 353 (Noel et al., 1991) 0..100 75-90% mo
Maltose 353 (Dupas-Langlet —20..80 71-99%  m+
et al., 2019)
MDX DE2 463 (Dupas-Langlet —20 .. 51-99% c+
et al,, 2019) 80
MDX DE18 388 (Normand et al., 55-90 68-91% cs
2019)
MDX DE5 451 (Siemons et al., 20-80 20-77% k.
2020)
MDX DE12 432 (Siemons et al., 20-80 20-77% b.
2020)
MDX DE21 407 (Siemons et al., 20-80 20-77% g.
2020)
MDX DE29 384 (Siemons et al., 20-80 20-77% y.
2020)
MDX DE38 359 (Siemons et al., 20-80 20-77% T.
2020)
MDX DE18/ 350 (Sillick & Gregson, 0..130 78-96% c*
sucrose 50:50 2009)
MDX DE2/MAL 360 (Dupas-Langlet —20 .. 51-99% yo
20:80 et al., 2019) 80
MDX DE2/MAL 378 (Dupas-Langlet —20 .. 51-99%  r*
50:50 et al., 2019) 80
MDX DE2/MAL 418 (Dupas-Langlet —20 .. 51-99% ks
80:20 et al,, 2019) 80

Table 2
Data sources used for shear thinning master curve of starch.

System Reference Symbols

Normal Corn (Vergnes & Villemaire, 1987Vergnes & Villemaire, )

Starch 1987)
(Vergnes et al., 1993Vergnes et al., 1993) yo
(Xie et al., 2009Xie et al., 2009) go
Waxy Corn Starch (Xie et al., 2009Xie et al., 2009) bo
Rice Flour (Dautant et al., 2007Dautant et al., 2007) mo

Meinders, 2011). But, we assume the average chain length is still high
and comparable to that of a low DE maltodextrin (DE = 1). Hence, we
estimated 5o based on the zero-shear viscosity of the MDX DE2, as shown
in Fig. 2.

It is striking that the starch data from this large collection of datasets
fall on a single master curve, albeit with some variability in the data,
which can be attributed to variations in molecular weight due to
degradation or amylose content. The collected data is only in the shear-
thinning regime, with an exponent different from the MDX18 - namely n
= 0.2. Note that the rescaled data of starch exceeds the value #/1,
meaning that the actual zero-shear viscosity of starch is higher than
MDX DE2, or that the viscosity is diverging due to gelation of the starch
via the amylose junctions, as observed for other polymer systems -
showing critical gel behaviour (Li et al., 1997; Suman & Joshi, 2020;
Winter 1987).
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4. Oscillatory rheology

We have collected experimental data of oscillatory rheology from
literature on maltodextrin (Palzer, 2009; Kasapis & Shrinivas, 2010;
Dupas-Langlet et al., 2019), and starch (Kasapis et al., 2000; Kristiawan
etal., 2016). The collected data covers a wide range of temperatures and
moisture contents. We analyze whether master curves can be con-
structed from the experimental data via time-temperature superposition
principle. A convenient test of whether the latter principle holds is to
explore to which extent they follow Cole-Cole plots or van Gurp-Palmen
plots (Han & Kim, 1993; Van Gurp & Palmen, 1998; Trinkle & Friedrich,
2001). Here, one either plots log(G') versus log(G"), or log(G*) versus
log(tan(s)) = log(G'’/G’). The raw data from maltodextrin (Dupas--
Langlet et al., 2019) and starch (Kristiawan et al., 2016) shows quite
some scatter in the Cole-Cole plots and the van Gurp-Palmen plots. For

example, the raw data is showing variation of the plateau value of G,oc in

the glassy state. This variation of G’oo in the starch data is shown in figure
B2, where it is shown to be a linear function of T/T,, with T, estimated
via Couchman-Karasz cf. (Van der Sman & Meinders, 2011). The dataset
of maltodextrin, maltose, and water is not showing such a correlation

with T/Tg, which can be due to modulation of G., via antiplasticization
effects imparted by the mixture of maltose and water (Townrow et al.,
2010). The Cole-Cole and van Gurp-Palmen plots improve if the moduli
are scaled against G/oo, as shown in figures B3-B.4. The maltodextrin data
appear to approach the plateau zone, but with different Gy for different
mixtures. However, for the regime of G’ > 10 MPa time-temperature
superposition appears to be possible, as the data of starch and malto-
dextrin seem to follow a single curve, albeit still with a large variation.

For the superposition of the experimental data, we have used both
the elastic modulus G’ and the loss modulus G”, which is mapped onto
the general master curve generated with the Marin-Graessley model.
This mapping is via minimization of the least-squares of the distance
between the Marin-Graessley master curve and the shifted experimental
data. We think this superposition of curves with help of the Marin-
Graessley model has advantages over the traditional (manual) proced-
ures of spuer position, as it supposes some relation between G’ and the
loss modulus G” and certain shape of the curves. These constraints
imposed by the model will increase the reliability and accuracy of the
shift factors ar.

Details of the used algorithm are described in the Appendix. Via an
iterative process, we have determined the Marin-Graessley model pa-
rameters scaling exponent a, the relaxation times 7y and 7,, and the
plateau values Gy and G.. As reference value we have set 7, = 0.5 s. For
all datasets analysed holds that there is no data available for the terminal
zone. Hence, )y could not be fitted, and it is set at an arbitrary (large)
value of 75y = 1000 s. Thus, the relevant fitting parameters are a, Gy and
Geo-

The constructed master curves are shown in top panes of Figs. 6 and
7. Observe they are very similar to the expected master curves of tran-
sient networks, as shown in Fig. 1. The horizontal shift factors are shown
in the bottom pane of figures Figs. 6 and 7. Despite some variability, one
can conclude that the horizontal shift factor aris indeed a function of T/
T, as expected from the transient network theory. For both starch and
maltodextrin there is a discontinuity in the gradient of log(ar) versus Tg/
Tif Ty > T.

The exponent « is different for starch and maltodextrin: @ = 0.215 in
the case of starch, and @ = 0.60 in case of maltodextrin. If « < 0.5 the
elastic modulus dominates over the loss modulus in the transient regime
- which holds for starch. For maltodextrin @ > 0.5 where the loss
modulus is larger than the elastic modulus for a finite frequency window
in the transient regime. This is in agreement with the observation by
(Dupas-Langlet et al., 2019), where it is stated that in this regime the
phase angle indeed exceeds 45°. For starch, it is observed that the phase
angle never exceeds 45° (Kristiawan et al., 2016). If the Cox-Merz rule
holds, the exponent a is expected to be identical to the shear-thinning
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Fig. 6. Master curve of maltodextrin DE2 fitted to Marin-Graessley model with
data from (Dupas-Langlet et al., 2019). Fitted model parameters is a = 0.60, G,
=1 GPa, Gy = 3 MPa, 1), = 1000 s, and 7, = 0.5 s. Both horizontal and vertical
shifting is applied. Horizontal shift factor ar appears to scale with T,/T.
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exponent n. For starch, we have found a = 0.215, which is well in
agreement with the shear thinning exponent n = 0.2 as shown in Fig. 5.

It is satisfying that all mixtures of maltopolymer, maltose, and water
can be mapped to a single master curve, whereby we note that there is
still some variation between the various samples compositions apparent.
Even the maltose/water mixture falls on the constructed master curve.
We conclude that maltose only modulates the T of the ternary mixture.
The mixture of water and maltose can be viewed as effectively a single
solvent/plasticizer. Similarly, for the rheology of resilin (Khandaker
etal., 2017) and gluten (Costanzo et al., 2020) a similar “single solvent™
effect is found for ethanol/water mixtures. Here ethanol can be viewed
as a plasticizer/solvent (Yu & Baird, 2019). Furthermore, we have
observed related behaviour for mixtures of plasticizers influencing the
melting transitions of biopolymers (van der Sman, 2016). There we have
stated that the mixture of plasticizers is characterized by the hydrogen
bond density, nom,f, which is shown to be correlated to the viscosity 7
and thus Ty/T (van der Sman & Mauer, 2019).



R.G.M. van der Sman et al.

We have also investigated other datasets from literature, namely a)
gelatinized wheat starch (Kasapis et al., 2000), and maltodextrin DE42
(Kasapis & Shrinivas, 2010), with results shown in Fig. 8. The starch
data is now showing response in the plateau zone, which has to be
modelled with the three-mode Marin-Graessley model. The starch data
is not fitting optimally in the transition zone and the first part of the
plateau zone. The maltodextrin data is showing response of the transi-
tion zone and glassy zone only. The magnitude of G, is quite large,
compared to the other data sets.

The general trend in the data is that the horizontal shift factor is a
function of Ty/T. The magnitude of G, is in the range 0.1 < G, < 10
GPa, but quite dependent on a particular dataset. The width of the
transient regime, indicated by ) and 7, is very similar for all datasets.
The relation of the horizontal shift factor log(ar) with T,/T is showing a
discontinuity in the gradient at T,/T = 1. The change of ar with tem-
perature is significantly smaller in the glassy regime, if Tg/T > 1. A
change in the temperature dependency of the horizontal shift factor at T
= T, has been observed earlier (Kasapis et al., 2000).
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Fig. 8. a) Master curve of wheat starch fitted to 3-mode Marin-Graessley model
with data from (Kasapis et al., 2000). Fitted model parameters is « = 0.36, p =
0.18, G, = 0.25GPa, Gy =1 MPa, 1y = 7, = 10%s, 7, = 0.5s, k, =165, and k,
= 300. Only horizontal shifting is applied. Horizontal shift factor ar appears to
scale with Tg/T. b) Master curve of MDX DE42 fitted to 2-mode Marin-Graessley
model with data from (Kasapis & Shrinivas, 2010). Fitted model parameters is
a =0.46, G, = 10 GPa, 73 = 10% s, 7, = 0.5 s, k, = 10°. Only horizontal shifting
is applied. Horizontal shift factor ar is a function of Tg/T.
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5. Discussion

From the above analysis follows that in the many aspects of the
rheology of starch and maltodextrins the ratio Tg/T is the dominant
governing parameter. The zero-shear viscosity is a function of Ty/T, and
relates to the horizontal and vertical shift factors used to construct
master curves of the shear-dependent viscosities. Furthermore, Tg/T is
related to the horizontal shift factors applied in the construction of
master curves from the SAOS data. In this section, we discuss our find-
ings in view of existing literature.

We start the discussion with the comparison of our analysis with a
recent study using the same dataset on zero-shear viscosity of malto-
polymer/maltose mixtures (Ubbink & Dupas-Langlet, 2020). Here, the
data has been analysed using a modified WLF-theory. Commonly, WLF
theory is applied using the universal constants C;, and Cp. In the
modified WLF theory the C; and C; are considered free parameters, and
moreover, C, is considered to be a function of the water content, with 3
additional free parameters. The experimental data have been fitted to
the modified WLF theory, but the set of four fitted parameters has been
estimated separately for each dataset. While some trends in the fitted
values of the parameters could be observed, at this stage the model does
not allow to discriminate between various physical models that may
underly the different maltopolymer/maltose mixtures.

We like to remark, that our analysis above did not involve any fitting
of theory to the viscosity data, except for fitting the modified Couchman-
Karasz to the glass transition data. Of the same maltopolymer/maltose
mixtures also SAOS data was available, which we have analysed above.
The analysis of the SAOS data much more clearly shows that their
rheology is governed by the ratio of Ty/T. Hence, we expect that this also
holds for the zero-shear viscosity. Whether it holds for the maltopol-
ymer/maltose mixtures that the zero-shear viscosity falls into two
distinct classes requires further investigation. But, our analysis of zero-
shear viscosity on polydisperse maltodextrins (Siemons et al., 2020)
seems to confirm our hypothesis of the two distinct classes. In a forth-
coming paper, analysing the effects of dextrose equivalence (DE) on
rheology(Siemons et al., 2021), the same classification of polydisperse
maltodextrins is found concerning their rheological behaviour. The re-
sults of this paper is summarized in the Supplementary Material
(Figs. B5-B.12). As one can observe there, DE5 and DE12 are showing a
master curve with a distinct plateau zone, as shown for DE2 in this
paper. The scaling exponent of the transition zone is « = 0.65 and a =
0.6 for DE5 and DE12 respectively, which is in good agreement with the
value for DE2, as determined in this study. However, the plateau
modulus Gy decreases with increasing DE value. The master curves for
DE21, DE38, and DE42 are lacking this plateau zone, but only exhibit a
transition and glassy zone. The scaling exponent in the transition zone is
about a = 1.0, which is a consequence of their behaviour as a Newtonian
viscous liquid.

This lack of a plateau zone is explained by the fact that these short
oligosaccharides can not entangle. In literature, it is claimed that for
entanglements of maltodextrins a minimal degree of polymerization (DP
~ 1/DE) is required (Levine & Slade, 1986). states that it requires DE < 6
for entanglement, while (Castro et al., 2016) states that entanglement is
observed for DE < 12, and that plastic behaviour is observed for DE17
and DE19. This is largely in agreement with the entanglement threshold
of DE < 18 by (Biliaderis et al., 1999). There, it is also stated that
entanglement also depends on the precise molecular weight distribu-
tion. Interaction between different chains is described in (Kutzli et al.,
2019), where it is stated that the polymer chains of DE 12 and 21 were
too short to contribute to the entangled network of the long DE 2 chains,
but they were long enough to interfere with their entanglement. Hence,
the division of maltodextrins in two classes concerning their zero-shear
viscosity is thus very likely explained by their capability to entangle. We
think it will be valuable to extend the investigation of the two distinct
scaling regimes for zero shear viscosity to other (concentrated)
biopolymers.
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Shear-thinning behavior is linked to an entangled polymer network
that is disturbed at sufficiently high shear rates (Kriegel et al., 2009). In
Fig. 5 we have shown shear-thinning behaviour for starch (with DE < 1)
and for maltodextrin with DE = 18. This observation is in agreement
with the above threshold for entanglement, which is DE., ~ 18.
Shear-thinning behaviour of maltodextrins is observed up to DE < 19,
but from differences in the shear-thinning exponents it is concluded that
maltodextrins with 17 < DE < 19 have a very low degree of
entanglement.

As suggested by one of our reviewers, we compare the different re-
lations of ar versus T,/T for the different maltodextrins in a single graph,
which is shown in Fig. 9. Because for the different maltodextrins we have
used different reference temperatures for a; we have performed vertical
shifting of ar such that a7(T = Tg) ~ 1. Furthermore, we have allowed for
a small horizontal shift of maximal 5%, to maximize superposition. It is
expected that the horizontal shift factors for the oscillatory rheology
coincide with that of the zero-shear viscosity: ar = no/1ng, with g the
viscosity at the glass transition (Ubbink & Dupas-Langlet, 2020). Hence,
in Fig. 9 we have also drawn the relation /7, versus T/T. Despite the
variability in the experimental data, one can observe from Fig. 9 that all
shift factors largely follow the expected trend, as indicated by the
zero-shear viscosity. This is especially in the range 0.9 < T,/T < 1 where
the response is dominated by the a-relaxation. For Ty/T > 1 the shift
factors ar are leveling off, while the zero-shear viscosity appears to show
divergent behaviour in this regime. One might conclude there is an
apparent breakdown of the superposition principle. Yet, zero-shear is
viscosity can not be measured directly. We leave this point for further
research. For the conditions that are relevant for processing Ty/T < 1
there is sufficient ground for assuming simple rheological behaviour,
which allows for consistent superposition in zero-shear viscosity, flow
curves and oscillatory rheology.

We have also included the starch data in this plot (data not shown).
The starch data shows overlap in the range 0.9 < Tg/T < 1.0, but shows
deviations in the range Ty/T < 0.9 - which is why the starch data set is
not included. Hence, while there is similarity in the a-relaxations, de-
viations occur when the starch if away from the glass transition.
Extruded starch can have different amounts of retrogradation of
amylose, acting as crosslinkers, giving rise to different plateau-moduli.
Observing individual datasets from (Kristiawan et al., 2016) indeed
shows the onsets of a plateau-zone, but at different levels of Gy. Mal-
todextrins do show a consistent level of Gy, as one can observe in the

MDX DE2+Maltose
® MDX DE5
2 MDX DE12
® MDX DE21
MDX DE38
® MDX DE42

log(ar)

-4

05 0.6 0.7

0.8
TolT

Fig. 9. Comparison of the shift factors ar versus T,/T for the various malto-
dextrins investigated, after application of vertical shifting such that a(T = Ty)
~ 1. The dashed line indicate the expected shift factors following the fitted zero-
shear viscosity relation, as shown in Fig. 2.
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Supplementary Material. We expect that (extruded) starch will not be
simple rheological material, due to the crystallizing (retrogradation)
tendency of amylose and amylopectin. Of course, native (ungelatinized)
starches are present as starch granules suspended in water, which is
expected to give totally different rheological behaviour than (extruded)
ungelatinized starch.

Liu has proposed a slightly modified scaling relation (Liu et al.,
2006):

T, 1
T-077T, T/T,—0.77

log(ar) ~ 10)

While in a related study (Siemons et al., 2021) we have confirmed
this scaling for polydisperse maltodextrins in the range 0.5 < Ty/T < 1,
we view that this scaling does not comply with our found scaling of the
shift factor in the range T,/T > 1. According to the scaling relation of
Liu, the shift factor should diverge at Ty/T = 1/0.77 = 1.3. However, we
have found that log(ar) levels off in the regime Ty/T > 1 in stead of
diverging. Such levelling off is in compliance with our studies in liter-
ature (Kasapis et al., 2000). Other studies also found scaling of rheo-
logical parameters with Tg/T as the zero shear viscosity of honeys
(Andraca et al., 2013), but found a linear scaling of log(ar) with (T,/ T)2
in the range 0.5 < (T,/T)* < 0.8. Structural relaxation in sucrose/gly-
cerol is shown to scale with Tg/T, with a leveling off in the range of Tg/T
> 1 (You & Ludescher, 2007). For polydisperse polyamides differing in
molecular weight it is found that horizontal shift factors scale with Ty/T
(de Figueiredo Martins, 2019), albeit it was a non-linear relation in the
range 0.85 < Ty/T < 1. Deviation from the “universal” relation is found
if ionic groups are present in the polyamide.

The found scaling of horizontal shift factors ar with Ty/T is also in
line with various studies on time-temperature-moisture superposition
(Fabre et al., 2018; Ishisaka et al., 2004; Krauklis et al., 2019; Patankar
et al., 2008; Zhan et al., 2019; Zhang et al., 2020). This superposition is
found for materials, where hydrogen bonding is important, such as
wood, polyelectrolytes, polyamides, and epoxies. Only, one paper in this
field has made a connection of the shift factors to T/T, (Krauklis et al.,
2019).

Given the similarity between polyamides and proteins (Bradbury &
Elliott, 1963), the similar findings for maltodextrins and polyamides, as
discussed above, we assume that the theory of transient networks would
also apply to proteins, having a random coil-like configuration, like
gluten, gelatin, elastin, casein, silk and resilin. Some observations on
protein rheology (Popineau et al., 1994; Redl, Morel, Bonicel, Guilbert,
& Vergnes, 1999,a; Larré et al., 2000; Pruska-Kedzior et al., 2008;
Khandaker et al., 2017; Costanzo et al., 2020) as already mentioned in
the introduction, give credit to this assumption.

6. Conclusions

In this paper, it is shown that much of the rheological behaviour of
concentrated polysaccharides is governed by the ratio Ty/T. First, we
have shown this scaling for the zero shear viscosity of long maltodex-
trins, which has shown a similar scaling relation as small carbohydrates,
albeit it was one magnitude larger. Using time-temperature super-
position based on the zero shear viscosity, we showed that the Carreau-
Yasuda model well describes the flow curves. Based on the zero shear
viscosity maltodextrins can be divided into two distinct classes, each
showing a different scaling with Ty/T, which can be attributed to the
occurrence of entanglement. The maltodextrins showing entanglement
also exhibits shear-thinning behaviour. The critical DE value for
entanglement is approximately DE., = 18.

Ultimately, we have shown that the T,/T scaling holds for small-
amplitude oscillatory rheology of maltodextrins and starches, all
showing a master curve following the Marin-Graessley model. The
horizontal shift factor ar for constructing the master curve is shown to be
a function of Ty/T. Remarkably, the relation between log(ar) and Ty/T is
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showing a discontinuity of its gradient at Tg/T = 1. The constructed
SAOS master curve is showing that the investigated polysaccharides are
showing three different zones: a plateau zone, a transient zone, and a
glassy zone, similar to master curves known in literature for synthetic
linear polymers, behaving as transient entangled networks.
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