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Effects of viscoelasticity on moisture sorption of maltodextrins 
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A B S T R A C T   

By means of a physically-based drying model we argue that hysteresis in moisture sorption of food materials can 
be explained by viscoelastic relaxation effects. The model is applied to maltodextrins, for which we have recently 
determined their rheology for conditions approaching the glassy state, as well as their moisture diffusion co
efficients (which is shown to follow our earlier model for moisture diffusion). For these maltodextrins moisture 
sorption has been performed using the Dynamic Vapour Sorption (DVS) method. After an update of the earlier 
(sub)model for moisture diffusion with insights from aerosol drying, the model is shown to give reasonable 
predictions of the DVS experiments, which clearly exhibit the hysteresis in moisture sorption. The model was 
fitted to DVS data of four maltodextrins, differing in their DE-values. The independently determined fitting 
parameters showed a high degree consistency amongst the four maltodextrins, and they were close to some 
parameter values determined experimentally with rheology measurements. Via a parameter study we have 
performed a rough sensitivity study, showing significant effects of all model parameter. All the results of this 
study together makes us quite confident that viscoelastic relaxation effects is indeed the cause of hysteresis in 
moisture sorption, as has been argued earlier for solvent sorption of synthetic polymers.   

1. Introduction 

In this paper we investigate the hypothesis that hysteresis in mois
ture sorption of food materials is due to viscoelastic relaxation effects. 
Moisture sorption data is obtained from Dynamic Vapour Sorption 
(DVS) measurements on maltodextrins. Several studies have already 
addressed the modelling of DVS data of food material, but the majority 
of these studies model the moisture sorption with Fickian diffusion, 
often combined with the GAB moisture sorption theory (Besbes et al., 
2013; Guillard et al., 2003; Kelly et al., 2016; Roca et al., 2008; Yu et al., 
2008). Several authors stated that Fickian diffusion models break down 
near the glass transition (Enrione et al., 2007; Meinders & van Vliet, 
2009; Zhao et al., 2019). 

We argue that the Fickian diffusion approach is incomplete, as it does 
not account for mechanical stresses, and their relaxation, and (therefore) 
it can not explain the overshoots often observed in DVS experiments 
(Meinders & Oliver, 2015). For non-food materials non-Fickian diffusion 
models have been developed, but these are often phenomenological 
(Arhant et al., 2016; Popescu et al., 2014; Zhao et al., 2019). However, 
we strive for a mechanistic explanation for the moisture sorption, with 
1) the moisture transport driven by a gradient in chemical potential, 2) 
inclusion of mechanical stresses in the chemical potential cf. 
Flory-Rehner theory, 3) the (self)diffusion described by a predictive 

theory, and 4) the relaxation of viscoelastic stresses following a model 
based on actual rheological data. This work builds on our earlier works, 
where we have addressed various elements of the above said approach 
(van Der Sman, 2013; Van der Sman et al., 2022, 2022van der Sman 
et al., 2023; Van der Sman & Meinders, 2011, 2013). 

The hypothesis, that hysteresis is governed by viscoelastic effects, 
has been formerly formulated for cell wall materials (Hill & Xie, 2011), 
wood (Popescu et al., 2014), parchement (Popescu et al., 2016) and 
wool (Ormondroyd et al., 2017; Salmén & Larsson, 2018), and it is 
probably also applicable to food materials (Champion et al., 2011, 
2011van der Sman et al., 2013; Zhang et al., 2015). 

We will investigate the hypothesis for the case of maltodextrins, for 
which we have determined its viscoelastic behaviour for a wide range of 
temperatures, moisture contents, frequencies (shear rates) and molec
ular length (Siemons et al., 2022a; Van der Sman et al., 2022). Malto
dextrins are an obvious choice, because such rheological data over such 
a wide range of parameters is much lacking over other food materials 
Kokini (1994); Ubbink and Dupas-Langlet (2020). But, this wide range is 
required for the mechanistic modelling of moisture sorption of the 
complete water activity range (0 < aw < 1). 

In their glassy state the maltodextrins attain very large value of the 
elastic modulus in the order of 1 GPa, accompanied by large relaxation 
times. Hence, during drying large elastic stresses can be developed, 
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which will not be dissipated over practical time scales (Okuzono & Doi, 
2008). Hence, during drying elastic stresses can be locked in the 
biopolymer matrix, if it has reached the glassy state. 

Similar to the case of gels, as formulated by the Flory-Rehner theory, 
the elastic stresses have to be incorporated in the thermodynamics 
governing the interaction of biopolymers with water (Van der Sman, 
2015a). Next to the mixing contribution, as described by Flory-Huggins 
theory, the chemical potential of water attains a second contribution 
linear in the elastic stress. This extra term must be accounted for in the 
physical theories of moisture sorption of biopolymers and in physical 
models of food materials drying. However, this contribution is lacking in 
most of the theories on moisture sorption, with the exception of the 
theory of Leibler and Sekimoto (Leibler & Sekimoto, 1993). The 
so-called Free-Volume theory of Vrentas and Vrentas also accounts for 
an extra contribution due to structural (α) relaxation in the chemical 
potential of water, but it is not directly formulated in terms of the me
chanical properties (Vrentas & Vrentas, 1996). 

At temperatures above the glass transition maltodextrins behave as 
viscoelastic materials, where elastic stresses are dissipated over a certain 
distribution of relaxation times. For maltodextrins we have shown there 
are two independent structural relaxation process: 1) a single relaxation 
time Maxwell mode, and 2) structural α-relaxations with a broad spec
trum of relaxation times (Siemons et al., 2022a; Van der Sman et al., 
2022). The Maxwell mode is only present at sufficient molecular length 
of the maltodextrin, allowing it to form crystalline junctions, acting as 
physical crosslinks. All maltodextrins exhibit α-relaxations, related to 
the stiffening of the material as it nears the glass transition. We expect 
the α-relaxations can be attributed to hydrogen bonding, which strongly 
correlates with Tg and viscosity (Van der Sman, 2013; Van der Sman 
et al., 2022, 2022van der Sman & Mauer, 2019). We expect that visco
elasticity will exhibits its effect during dynamic vapour sorption mea
surements (Meinders & Oliver, 2015; Oliver & Meinders, 2011). 
Consequently, near the glassy state where the relaxation times get 
longer, it becomes difficult to achieve equilibrium conditions and thus 
accurate aw measurements. 

In this paper we construct a physical model describing the dynamic 
vapour sorption (DVS) of maltodextrins, incorporating the viscoelastic 
effects. The submodel for diffusion will be partly updated with the fact 
that the self-diffusion of water in glassy matrices kind of levels off, as 
found in aerosols made up with sugars (Ingram et al., 2017; Lienhard 
et al., 2014; Zobrist et al., 2011). Earlier, we have described the water 
activity with the Flory-Huggins-Free-Volume theory (FHFV), which ex
tends the classical Flory-Huggins theory for polymers with an extra 
Free-Volume terms if the material is in the glassy state, cf. (Vrentas & 
Vrentas, 1991). In the current model we will replace the free volume 
term with the elastic stress contribution, cf. Flory-Rehner theory. The 
rheology of maltodextrins has been characterized via dynamic visco
elasticity measurements (frequency sweeps), which is described via the 
complex modulus as a function of frequency. This has to be converted 
into a time-dependent model of the elastic stress. For the Maxwell mode, 
we can use the Maxwell model straightforward, but actually for the 
α-relaxations we can use a fractional derivative model, cf. (Faber et al., 
2017; Jakobsen et al., 2011; Ng & McKinley, 2008), but we take a nu
merical approximation via a Prony series. 

However, the (generalized) Maxwell viscoelastic models are devel
oped for small strain deformations, while during DVS measurements the 
deformations can be beyond the linear regime. We will develop visco
elastic models for large deformations, using a set of internal variables, 
both for the Maxwell mode and the structural relaxations. Large de
formations are defined in relation to a reference length, where the elastic 
stresses are zero. The internal variables are related to these reference 
lengths. These reference lengths will relax towards to the current 
deformation state with a certain relaxation time. 

We note that similar models, coupling solvent transport, stress and 
viscoelastic relaxation, have been developed to describe diffusion in 
glassy synthetic polymers, which exhibit so-called case-II diffusion 

(Doumenc et al., 2006; Durning, 1985; Wu & Peppas, 1993), which have 
already shown to be able to describe hysteresis in solvent adsorption 
(Doumenc et al., 2006; Liu et al., 1999). This study is the first application 
of such models to food materials, for which realistic rheological data 
over the complete water activity range is available. 

2. Theory for moisture sorption in viscoelastic materials 

2.1. Equilibrium properties 

As an alternative of the FHFV theory, we develop a new theory where 
the extra contribution to moisture sorption in the glassy state is due to an 
elastic contribution. In absence of elastic stresses we assume that the 
chemical potential of food materials can be described by Flory-Huggins 
theory (Van der Sman, 2012, 2019; Van der Sman and Meinders, 2011, 
2013). The Flory-Rehner theory shows how to link elastic stresses to 
moisture sorption. The moisture sorption is governed by the chemical 
potential, which can be decomposed in two independent parts: 

μw = RTlog(aw) = μw,mix + μw,elas (1)  

The first contribution is due to mixing of ingredients with water, as 
follows from the Flory-Huggins theory. The mixing contribution can also 
be reformulated as an osmotic pressure: μw,mix = − νwΠmix, with νw the 
molar volume of water. 

The elastic contribution is due to elastic stresses in the material. For 
simplicity we assume that the deformation is isotropic, and the stress can 
be represented by a scalar: σ = Πelas. The elastic contribution to the 
chemical potential can thus be rewritten as: 

μw,elas = νwΠelas (2)  

Flory-Rehner theory assumes isotropic and homogeneous deformation. 
Consequently, Πelas can be expressed in the relative volume change 1/
φ̃ = φref/φs = λ3 (Van der Sman, 2015b, 2015a). λ is the so-called stretch 
parameter, which is the total deformation compared to the reference 
length. The relative volume change can also be expressed in terms of ̃φ =

φs/φref with φs the polymer volume fraction, and φref a reference value. 
For viscoelastic media it should hold that σ = 0 if λ = 1, i.e. if φs = φref. As 
an alternative to the strain energy from the Flory-Rehner theory we use 
the model, originally applied to gelatin, by Si Chen (Chen et al., 2020), 
from which follows: 

σ = G(φ̃
1
3 − φ̃) (3)  

G is the shear modulus. In contrast to the Flory-Rehner theory this model 
is consistent with the above requirement for viscoelastic media, that 
σ(φ̃ = 1) = 0. 

2.2. Non-equilibrium properties 

2.2.1. Moisture transport 
If the food material is not in equilibrium with the gas phase, i.e. aw ∕=

R.H., then there will be moisture transport. Inside the solid food material 
moisture transport is driven by gradients in the chemical potential. We 
will express the mass balance in terms of the volume fraction of water 
φw: 

∂tφw = − ∇⋅φwuw (4)  

φwuw is the volumetric moisture flux, linear in the velocity of moisture uw 
and φw. The moisture flux is due to diffusion, and the displacement by 
the biopolymer matrix due to swelling at velocity us. The diffusive flux is 
expressed in the drift velocity uw − us: 

jw = φw(uw − us) = − M∇μw (5)  

M is the mobility. 
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The mass balance can be rewritten as: 

∂tφw +∇⋅φwus = ∇M⋅∇μw (6) 

The above mass balance is expressed in the stationary Eulerian 
framework. Recall that the left hand side is the material derivative in the 
Lagrangian framework, moving along with the deforming biopolymer 
matrix. In the Lagrangian framework only the diffusive moisture flux is 
exchanged between control volume elements, but the control volume 
elements can change in volume and position (Räderer et al., 2002). 
Below, we will implicitly assume all equations will be solved in the 
Lagrangian framework, and time derivative implies the material 
derivative. 

There are no predictive theories for the mobility M of water in food 
materials. Hence, it advantageous to rewrite the diffusive flux as Fick’s 
law: 

jw = − M∇μw = − Dm∇φw (7)  

Dm is the mutual diffusion coefficient, for which we have developed a 
predictive theory (Van der Sman & Meinders, 2013). The theory is tested 
for multiple carbohydrates like disaccharides and maltodextrins (Per
dana et al., 2014; Siemons et al., 2019; Thirunathan et al., 2018; Van der 
Sman & Meinders, 2013). The relation between the mutual diffusion 
coefficient and mobility is (Hong et al., 2008): 

M =
Dmνw

RT
(8) 

In the glassy state Vrentas expect that the diffusion coefficient is 
relatively composition independent (Vrentas et al., 1975), which is 
consistent with the observation by Zobrist for sucrose aerosols (Zobrist 
et al., 2011). Other recent measurement of water diffusion in sucrose 
aerosols suggest that the original (free volume) theory predict much too 
low diffusion coefficients in the glassy state. Below, we give an adaption 
of the theory for the glassy state, which is consistent with these recent 
results. 

2.2.2. Viscoelastic relaxation 
The classical model for small deformations of viscoelastic media is by 

Maxwell, which is as follows: 

σ + τ0
dσ
dt

= Gτ0
dε
dt

(9) 

The Fourier transform of this equation is 

σ∗ + iωτ0σ∗ = G(iωτ0)ε∗ (10)  

which can be rewritten as: 

σ∗ = G
iωτ0

1 + iωτ0
ε∗ (11) 

Another convenient way of writing the Maxwell model is as follows. 
The strain is decomposed in two parts: an elastic and inelastic one: ε =
εel + εin. The stress is equal to σ = Gεel, and the non equilibrium part 
relaxes as: 

dεin

dt
=

ε − εin

τ0
(12) 

The inelastic part of the deformation one can interpret as the internal 
variable as used in large deformation viscoelastic models (Holzapfel, 
1996). There, the deformation is decomposed in an elastic and inelastic 
(viscous) part. The elastic energy, only depends on the elastic part. The 
inelastic energy dissipates, and it is described by a relaxation of the 
viscous deformation (Bosnjak et al., 2020; Chen & Ravi-Chandar, 2022). 

We construct a large deformation version of the Maxwell model via 
interpreting φref as the internal variable, in the spirit of the visco- 
hyperelastic model for transient networks (Reese, 2003). We assume it 
relaxes as follows: 

dφref

dt
=

(φ − φref )

τ0
(13) 

The elastic stress is computed as: σ = G(φ̃
1
3 − φ̃). 

In the Appendix we show with trial simulations and mathematical 
analysis show that in the limit of small deformations the above model is 
equivalent with the Maxwell model. 

The physical picture of the relaxing reference length is akin to the 
transient network hypothesis (Dal et al., 2020), proposed earlier by 
Tobolsky and Green, and extended by (Linder et al., 2011) where 
physical crosslinks (i.e. hydrogen bonds) are constantly broken and 

formed. φ− 1
3

ref can be related to the distance between these physical 
crosslinks, which can slip along the polymer backbone due to the me
chanical deformations. In the view of the transient network model 
(Reese, 2003) the internal variable, φref, corresponds to an intermediate 
reference frame, where the elastic stress is always zero. A hyperelastic 
theory, the dry state is often taken as the reference state. For polymers in 
the dry state holds of course: φs = φdry = 1. The definition of the inter
mediate reference state implies a multiplicative decomposition, akin to 
viscohyperelastic models: 

φs

φdry
=

φs

φref

φref

φdry
(14) 

The first contribution is related to the elastic deformation: φ̃ = φs/

φref and the latter part is related to the inelastic deformation φref/φdry. 
Viscoelastic relaxation of biopolymers is quite complex, and the 

Maxwell model does not suffice. Maltodextrin viscoelastic properties can 
be described by the Marin-Graessley model. A master curve of the elastic 
and loss modulus is shown in Fig. 1. 

The spectrum is conveniently expressed in terms of the complex 
modulus G* = σ*/ε*. 

G∗(ω) = GN
iωτ0

1 + iωτ0
+ G∞

(iωτβ)
β

1 + (iωτβ)
β (15) 

Previously, we have formulated the model in terms of the compliance 
(J* = 1/G*), with parameters as shown in Fig. 1. We have define τ0 =

τM(GN/G∞) and τβ = τα(G∞/GN)
1/β. 

The first term is a Maxwell relaxation mode, as follows from the 
Fourier transform. The second term is a Cole-Cole model, which is the 
Fourier transform of a fractional derivative model. The above Marin- 
Graessley model can be related to the fractional Zener model (Xiao 
et al., 2016). As above, the strain ε is divided in an elastic) and inelastic 
(viscous) part ε = εel + εin. The inelastic part evolves as (Xiao et al., 
2016): 

Fig. 1. Example of master curve produced by the Marin-Graessely model with 
explanation of the model parameters. In the terminal and plateau zone, the 
material behaves approximately as described by a Maxwell model. In the 
transition and glassy zone, the material behaves approximately as described by 
a Cole-Cole model. 
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dβεin

dtβ =
ε − εin

τβ (16) 

The elastic stress is: 

σ = GMε + Gneq(ε − εin) (17) 

A large deformation version of the fractional Zener model is obtained 
via relaxation of a second internal variable φref, as governed by the 
fractional derivative model: 

dβφref

dtβ =
φ − φref

τβ (18) 

Computations with the fractional derivative models is highly com
plex and demanding. Hence, we will approximate the model with a 
Prony series, as described below. 

2.2.3. Approximation rheology by Prony series 
The approximation of the relaxation spectrum of the Marin-Graessley 

model is via the following Prony series: 

G∗(ω) = GN
iωτ0

1 + iωτ0
+ δ
∑

i>0
Gi

iωτi

1 + iωτi
(19) 

The relaxation times τi are within the range τα < τi < τβ, as commonly 
advised we take 2 relaxation modes per decade. The strength of the 
relaxation modes scale as: 

Gi ∼ (ωτα)
β (20)  

with GN ≤ Gi ≤ G∞. δ = O(1) is a parameter to maximize the goodness of 
fit between Marin-Graessly model and the Prony series approximation. 
For maltodextrin DE5, we have found that G∞ ≈ 109 Pa, and GN ≈ 105 

Pa, α = 0.60, τM/τα ≈ 2000. In Fig. 2 we compare the Marin-Graessley 
model for DE5 and the Prony series approximation. Good fit is ob
tained for δ ≈ 0.38. This value varies slightly for other values of α. 

We observe that in the terminal zone, the first part of the plateau 
zone, and the transition zone very good fits are obtained between both 
models. In regions where the fit is less good, G” ≪ G′. Hence, the 
response of the material is dominantly pure elastic, and the value of G” 
is not very relevant. We proceed with this approximation. 

In case of small deformations the Prony series approximation can be 

implemented as a set of ode’s: 

dεin
i

dt
=

ε − εin
i

τi
(21)  

and σ =
∑

iGiεel
i =

∑
iGi(ε − εin

i ). The Maxwell mode of the Marin- 
Graessly model also follows the same equation, with i = 0, G0 = GN 
and τi ≪ τ0 (for i > 0). εneq

i functions as internal variables, which relax 
with a breadth of relaxation times. 

However, we will apply the Prony series approximation for the case 
of large deformations. We introduce the internal variables φg,i which will 
relax with time constant τi. The stress will be equal to: 

σ =
∑

i
Gi(φ̃

1
3
i − φ̃i) (22)  

with φ̃i = φs/φg,i. The internal variable relaxes as: 

dφg,i

dt
=

φs − φg,i

τi
(23)  

3. Constitutive relations 

3.1. Flory-Huggins theory 

The mixing chemical potential of water in maltodextrins μw,mix is 
derived from the Flory-Huggins theory (Van der Sman & Meinders, 
2011): 

μw

RT
= ln(φw) +

(

1 −
1
Ns

)
(
1 − φw

)
+ χws(1 − φw)

2 (24)  

φw is the volume fraction of water, Ns is the ratio of molar volume of 
maltodextrin versus water, χws is the interaction parameter. 

For maltodextrins with degree of polymerization DP > 2 the inter
action parameter is composition dependent, which is as follows (Van der 
Sman, 2019): 

χws = χ0 + (χ1 − χ0)(1 − φw)
2 (25)  

χ0 = 0.5, which takes an universal value for all biopolymers. χ1 takes a 
specific values for each biopolymer. Values for maltodextrins are listed 
in a recent paper (Linnenkugel et al., 2022), but the composition de
pendency is disregarded there. 

3.2. Glass transition 

We assume that the glass transition of maltodextrin follow the 
Couchman-Karasz relation (Van der Sman & Meinders, 2011): 

Tg =
ywΔcp,wTg,w + ysΔcp,sTg,s

ywΔcp,w + ysΔcp,s
(26)  

ys, yw are the mass fraction of water and solute, Tg,w is the glass transition 
of pure water, Tg,s is the glass transition of the dry maltodextrin, Δcp,i is 
the change of the specific heat of compound i across the glass transition. 
For water the following values hold: Tg,w = 139 K, and Δcp,w = 1.91 kJ/ 
kg.K. For (poly)saccharides we assume the universal value ΔCp,s =

0.425 kJ/kg.K. 
The glass transition of the dry polymer Tg,s depends on the molecular 

weight Mw,s via the Fox-Flory relation (Van der Sman & Meinders, 
2011): 

Tg,s = T∞
g,s −

aFF

Mw,s
(27)  

For the maltodextrins analyzed in this study we determined Tg,∞ = 460 K 
and aFF = 54 K kg/mol (Siemons et al., 2020). 

Fig. 2. Marin-Graessely model (thick solid lines) approximated by a Prony 
series (dashed lines). G′ is indicated in red, and G′′ in blue. 
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3.3. Diffusion coefficient 

We have developed a predictive theory for moisture diffusion for 
various food compounds (Van der Sman & Meinders, 2013), which is 
based on the earlier work of He, Fowler and Toner (He et al., 2006). The 
adapted model has shown to be predictive for diffusivities Dm > 10− 14 

m/s2 (Perdana et al., 2014). Importantly, the theory predicts that the 
self-diffusion coefficient of water is independent of molecular weight of 
carbohydrates, but is only a function of the volume fraction of water and 
temperature, as is also shown via molecular dynamics (Limbach & 
Ubbink, 2008). 

Recent studies suggest that diffusion coefficients level off upon 
reaching the glassy state for HPMC (Laksmana et al., 2008) and sucrose 
or citric acid aerosols (Lienhard et al., 2014; Price et al., 2015; Zobrist 
et al., 2011). This aspect is not predicted by the free-volume theory. We 
explain this discrepancy by the expansion of free volume in carbohy
drates near the glassy state (Townrow et al., 2010; Van der Sman & 
Meinders, 2013), which is not accounted for in our theory. 

We have assumed that in the glassy state the specific volume follows: 

vspec =
yw

ρw(T)
+

ys

ρs(T)
+ ΔvFV

(
yw − yw,g

yw,g

)2

(28)  

Here yw,g is the mass fraction of water at which the glass transition at 
temperature T. ΔvFV = 0.02 × 10− 3 m3/kg is a fitting parameter, which 
is fitted to specific volume data as collected in (Van der Sman & 
Meinders, 2013). 

In our theory we have modified the self-diffusion coefficient of water 
Ds,w, which is related to the (mutual) diffusion coefficient via: Dm = φsDs, 

w + (1 − φs)Ds,s, with Ds,s the self-diffusion coefficient of the solute 
(maltodextrin). In the range of aw ≤ 0.9 the mutual diffusion coefficient 
is dominated by Ds,w. In the free volume theory the water self diffusion is 
following the relation: 

ln
Ds,w

Dw,0
= −

ΔE
RT

− γ
Vcr

Vf
(29)  

for T < Tg we modify the latter term: 

γ
Vcr

Vf
= γ

Vcr,ref

Vf ,ref
++0.87ΔvFV

(
yw − yw,g

yw,g

)2

γ
Vcr,ref

Vf ,ref
=

yw V̂
∗

w + ζys V̂
∗

s

yw(Kww/γ)(Ksw − Tg,w + T) + ys(Kws/γ)(Kss − Tg,s − T)

(30)  

γVcr,ref/Vf,ref is the value for T > Tg. 
The modified theory is shown in Fig. 3, which is compared to several 

datasets from literature: Ds,s for sucrose from Price (Price et al., 2016), 
Ds,w for sucrose (Nadler et al., 2019; Price et al., 2016), Ds,w for maltose 
(Zhu et al., 2011), and Dm for sucrose from Zobrist (Zobrist et al., 2011), 
and glucose syrup (Normand et al., 2019). For T > Tg we assume that Ds,w 

holds universally for carbohydrates based on fructose/glucose mono
mers: sugars, maltodextrins, dextrans and starch (Perdana et al., 2014; 
Siemons et al., 2019; Ubbink et al., 2007; Van der Sman & Meinders, 
2011). Our current model is well following the empirical model of 
Zobrist (Zobrist et al., 2011). 

3.4. Maltodextrin rheology 

From our recent paper (Siemons et al., 2022a) we reproduce the 
master curves, using the given Tg as the reference temperature. The 
master curves are shown in Fig. 4. 

The value of τβ at the glass transition is often taken as τβ,g = 100 s 
(Dupas-Langlet et al., 2019; Maidannyk et al., 2017), assuming that 
DMA peak temperature coincides with the glass transition temperature. 
Other studies assume there might be difference. Hence, we will assume 
τβ,g to be a fitting parameter. 

The shift factors aT appears to be following the inverse of the zero 
shear viscosity η0 (Van der Sman et al., 2022), as shown in Fig. 5. We 
follow that scaling. Due to absence of viscosity data for Tg/T > 1, we 
assume that aT is constant in that range, as suggested by the empirical 
shift factors in Fig. 5. This limiting value of Tg/T is denoted as (Tg/T)lim. 
Fig. 5 shows that there quite some uncertainty in the value of TgTlim, 
which we also assume to be a fit parameter. 

4. Methods 

4.1. Maltodextrin sorption 

Measurements are performed using an automatic multi-sample 
moisture sorption analyzer SPSx-11μ (Project Messtechnik, Ulm, Ger
many), as described in (Erickson et al., 2014; Jin et al., 2014; Renzetti 
et al., 2012). In this equipment the relative humidity (RH) inside the 
climatic chamber is conditioned, and the instrument is equipped with a 
dew point analyzer to control RH, and a microbalance (WXS206SDU 
Mettler-Toledo, Greifensee, Switzerland) to measure sample weight. 

Weight changes were measured at time intervals of 5 min. Samples 
were dried above P2O5 for 3 days before the DVS experiments. Initially, 
the aw of the powder was about aw ≈ 0.1. The sorption measurement 
procedure involved an initial drying at 30oC for 500 min. First, the aw of 
the dry MDX powder is increased in two steps from 85% to 90%. Sub
sequently, the actual moisture desorption is measured, via decreasing 
the RH from 90% downto 0% in steps of 10%. Later, the moisture 
adsorption is measured via increasing the RH again to 90%, in steps of 
10%. The minimal weight of the sample during the RH = 0% step is 
taken as the dry weight of the sample, with equilibration times at each 
stage in range 250 min< t <50 h. If equilibrium was reached for t > 250 
min, we switched to the next stage. The equilibrium was determined 
when the weight change was less than 0.01% in three consecutive 
measurements. 

Measurements were performed with maltodextrins with different DE 
(dextrose equivalents), namely DE = 5, DE = 12, DE = 21, and DE = 29. 
These are the same materials as we have used for the earlier rheological 
measurements (Siemons et al., 2022a). 

4.2. Finite Volume method 

The sample pan has a cylindrical shape. Hence, we have divided the 
system in N = 10 thin cylindrical control volumes. The (initial) height of 
the sample is determined from the initial mass, and the density of car
bohydrates (Van der Sman & Meinders, 2013). We have assumed that 
after initial conditioning at RH = 85% all porosity is lost from the sample 
via collapse of the structure. We assumed no-flux boundary conditions 
on the bottom and side walls of the sample pan. This makes the diffusion 
effectively a one-dimensional problem. At the top of the sample we as
sume Dirichlet boundary conditions, with the surface always in equi
librium with the gas phase, whose RH is controlled by the DVS 

Fig. 3. Prediction of updated diffusion coefficient model as compared to 
experimental data for sucrose aerosols. 
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apparatus. 
The moisture transport equation, Eqs. (6) and (7), is discretized using 

the Finite Volume method, using central differencing and explicit time 
integration. Shrinkage of the control volume due to moisture loss is 
taken into account, which implies only changes in the thickness. We do 
not consider any changes in the cross sectional area. After each time step 
the coordinates of each control volume is updated, cf. (Räderer et al., 
2002), which is used for computing the gradients in the chemical po
tential. The mass fluxes are computed at the boundaries halfway be
tween the centres of the control volumes. The corresponding diffusion 
coefficient is taken as the average of the diffusion coefficients in the two 
adjacent control volumes. The time step is adaptive, and is based on 
control volume with the largest diffusion coefficient Dmax, with thick
ness Δx: Δt = Fo*Δx2/Dmax. The grid Fourier number is taken as Fo* =
0.06. 

For each control volume the stress is computed following Eq. (22). 
Each control volume has an independent set of internal variables φg,i, 
which evolve cf. Eq. (23). If the relaxation time τi < 80Δt, we assume 
that the relaxation mode is at equilibrium: φg,i = φs. 

5. Results 

5.1. Prediction of DVS response and sorption isotherms 

We performed simulations of the DVS response of for maltodextrin 
DE05, DE12, DE21, and DE29, following the above experimental pro
tocol. The response of moisture content (Xm on dry weight basis) as 
function of time is shown in Figs. 6–9. For each maltodextrins the DVS 
measurements are performed in duplicate, which are indicated via the 
green and blue curves in the figures. Model predictions are indicated in 
red. We note, that at low RH, it is difficult/impossible for the samples to 
reach equilibrium. If the samples are in the glassy state, the relaxation 
times become very long, and mechanical stresses can not be relaxed 
away in practical time scales. Consequently, a maximal “equilibration” 
time of 50 h was adopted in this range. For DE05 and DE12, we observe 
that even at intermediate RH it is difficult to obtain steady state values at 
the end of the “equilibration time”. It is likely a consequence of the 
additional Maxwell mode the maltodextrins have (see Fig. 4). The effect 
of the Maxwell mode is significant if the material is in the rubbery state 
(i.e. the material behaves as a gel). The transition from the glassy to 
rubbery state happens at these intermediate RH. 

The simulation results are obtained after optimization of model pa
rameters. The parameter values corresponding with best fits are listed in 

Fig. 4. Master curves of the rheology of maltodextrins fitted with the Marin- 
Graessely model. From top to bottom DE = 5, 12, 21 and 38. 

Fig. 5. Shift factors for maltodextrins follows that of the zero shear viscosity. 
Reproduced from (Van der Sman et al., 2022). 
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Table 1. Due to long simulation times (more than 24 h) it was more 
practical to perform the optimization of the fitting by hand. Conse
quently, we have not be able to perform statistical analysis on the ac
curacy of model predictions. As an alternative, we will also perform a 
parameter study investigating the sensitivity of model predictions for 
parameter values. 

From the DVS experiments and the simulations a sorption isotherm is 
constructed using the final moisture content values at the end of each 
step in RH. Comparison of experimental and predicted sorption iso
therms are shown in Fig. 10. We observe that for DE21 and DE29 quite 
good predictions of the sorption hysteresis is obtained. Furthermore, the 
predictions of the DVS response for these maltodextrins is also close to 
the experimental values. The predictions of the hysteresis for DE05 and 
DE12 are slightly off, but the model captures the extend of the hysteresis 
reasonably well. We assume that this discrepancy between experiment 
and predictions are due to uncertainty in the initial stress state for DE05 
and DE12. Their glass transitions are significantly higher than for DE21 
and DE29, and consequently they enter the glassy state earlier during 

the spray drying in their manufacturing. We assumed that initially all φg,i 
are equal to the φs in the glassy state (at room temperature). Of course 
the actual stress state might differ from this. Moreover, both DE05 and 
DE12 have an additional Maxwell mode, for which we do not know τM 
very accurately, as shown in Fig. 4. 

The estimated parameter values, as listed in Table 1 are well within 
the expected ranges. Tg,∞ = 445 K, is close to the value of our previous 
experimental data, which showed Tg,∞ = 460 K (Siemons et al., 2022a). 
τβ,g ≈ 4 s, while it is normally expected that τβ,g ≈ 100s. This difference 

Fig. 6. Comparison between simulation and experiment of the dynamic mois
ture sorption of maltodextrin DE05. Green and blue curves indicate two 
experimental datasets (reproductions), and the red curve indicates the theo
retical prediction. 

Fig. 7. Comparison between simulation and experiment of the dynamic mois
ture sorption of maltodextrin DE12. Green and blue curves indicate two 
experimental datasets (reproductions), and the red curve indicates the theo
retical prediction. 

Fig. 8. Comparison between simulation and experiment of the dynamic mois
ture sorption of maltodextrin DE21. Green and blue curves indicate two 
experimental datasets (reproductions), and the red curve indicates the theo
retical prediction. 

Fig. 9. Comparison between simulation and experiment of the dynamic mois
ture sorption of maltodextrin DE29. Green and blue curves indicate two 
experimental datasets (reproductions), and the red curve indicates the theo
retical prediction. 

Table 1 
Fitting parameters.  

Compound T∞
g (K) τβ,ref (s) G∞ (GPa) TgTlim χws,1 

MDX DE05 445 1 0.2 1.06 1.21 
MDX DE12 445 4 0.4 1.06 1.22 
MDX DE21 445 4 0.7 1.06 0.97 
MDX DE29 445 4 0.8 1.06 0.83  
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can be due to the misconception that the peak in G′′ in the glassy zone 
corresponds exactly with the glass transition temperature. G∞ is indeed 
of the order of 1 GPa, and TgTlim is just above unity, as expected. The 
values of the Flory-Huggins interaction parameter are in similar range of 
those reported by (Linnenkugel et al., 2022). Differences in the χ values 
arise due to that (Linnenkugel et al., 2022) did not include composition 
dependency. 

5.2. Parameter study 

To show the sensitivity of the model for the fitting parameters we 
have performed a parameter study. As Tg,∞ was quite consistent amongst 
the different maltodextrins, and with previous work we have chosen to 
keep this value fixed. The parameter study is performed for MDX DE21, 
for which the best fit was obtained. 

Results are shown in Figs. 11–14. We observe that by varying τβ,g, 
G∞, and TgTlim changes in moisture sorption only arise if the material 

gets into the glassy state. Moreover, the simulation results only signifi
cantly diverge during the adsorption phase. The responses are still very 
similar in the first desorption phase. Fig. 14 shows that variations in χ1 
results in changes when the material is in the rubbery state, if RH > 60%, 
but induces little changes in the glassy state. 

If TgTlim ≥ 1.06 the results do not change significantly, but results are 
strongly dependent on this parameter in the range TgTlim < 1.06. These 
changes are much larger than those induced by variation in τβ,g, G∞. 
Remarkably, for all maltodextrins we obtain good fitting results with 
TgTlim = 1.06. Because of this consistency, we assume this is the correct 
value for these maltodextrins. 

Finally, to give an insight in the evolution of the viscoelastic relax
ation times τg,i and internal variables φg,i, we have plotted them in 
Figs. 15 and 16. In Fig. 15 the bottom red line indicates τα. We observe 
that at high RH, the relaxation times immediately assume the new 
equilibrium values, but in the glassy state this evolution takes longer. 

Fig. 10. Comparison between simulation and experiment regarding the hysteresis of MDX DE = 5–29.  

Fig. 11. Parameter study for MDX21 with τβ,g = {1, 2, 4, 8}s (red to blue).  

Fig. 12. Parameter study for MDX21 with G∞ = {5, 6, 7, 8, 9} × 102 MPa (red 
to blue). 
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Furthermore, if TgT > TgTlim we have truncated the relaxation times, 
which are all much longer than the experimental time scales (τg,i ≫ 100 
h). Thus, effectively, the maltodextrin is behaving as an elastic solid. 
Similar behaviour is observed if we view Fig. 16. At high RH, if the 
material is in the rubbery state, all φg,i easily follow φs. Approaching the 
glassy state the relaxation times become similar as the experimental 
time scales, and φg,i start to deviate from φs. Soon, for modes with very 
long relaxation times, φg,i becomes a constant. For the fast mode with τg,i 
= τα φg,i is still changing if the material is deep into the glassy state. 
However, because of its small magnitude Gi = GN its contribution to 
stress and moisture sorption is negligible. The latter is more dominated 
by the slower modes, whose magnitudes are of order G∞. Similar 
reasoning holds for the significance of the Maxwell mode, for MDX DE05 
and MDX12, whose magnitude GN is too small to have a significant 
impact on the moisture sorption isotherm, where RH ≤ 90%. 

5.3. General discussion 

Overall, based on the surprisingly good fits of the model with 
experimental data, and values of fitting parameters within expected 
ranges, we conclude that our model makes the case quite plausible that 
hysteresis in moisture sorption in food materials is due to viscoelastic 
relaxation of elastic stresses at very long time scales, prohibiting the 
material to acquire equilibrium conditions - which is in line with the 
statement of Nestle researchers in their recent paper (Dupas-Langlet 
et al., 2016). Practically, the material behaves as an elastic solid if Tg/T 
> 1, as in agreement with model of Leibler and Sekimoto (Leibler & 
Sekimoto, 1993). However, in the region just below the glas transition 
during adsorption viscoelastic effects on moisture sorption are not 
negligible. Hence, the Leibler-Sekimoto model will not capture the full 
effect of stresses on moisture sorption. 

We gather that due to the complexity of the physics, readers do not 
directly grasp the implications of the viscoelastic phenomena of mois
ture sorption and its hysteresis. Hence, we summarize here the essence 
of the physics. For that, consider “equilibration” of the food material at a 
RH setpoint just above the glass transition. During desorption, the food 
material arrives at the setpoint from the rubbery state, where there is 
little stress build up, and which relaxes quickly away. We expect that 
during desorption the moisture content is near to the equilibrium value. 
During adsorption, the food materials arrives at the setpoint from the 
glassy state, where the material is nearly elastic. Consequently, during 
moisture (de)sorption in the glassy state some significant stresses have 
been build up. Due to the still long viscoelastic relaxation times in the 

Fig. 13. Parameter study for MDX21 with TgTlim = {1.04, 1.05, 1.06, 1.07, 
1.08} (red to blue). 

Fig. 14. Parameter study for MDX21 with χ1 = {0.95, 0.96, 0.97, 0.98, 0.99} 
(red to blue). 

Fig. 15. Evolution of relaxation times τi during DVS experiment of MDX DE21, 
using best fit parameters. Bottom red line indicates α-relaxation time τα. Other τi 
are multiples of τα. 

Fig. 16. Evolution of internal variables φg,i during DVS experiment of MDX 
DE21, using best fit parameters. Top red line relaxes with τα while the bottom 
green line relaxes with τβ. 
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range between the glassy state and the RH setpoint, the stresses will not 
have relaxed away. As the water activity depends on both moisture and 
elastic stresses, the presence of stresses will lead to a different moisture 
content during the adsorption. Differences in the viscoelastic relaxation 
between desorption and adsorption are clearly observed in Figs. 15 and 
16. Consequently, if the food material enters the glassy state during a 
DVS experiment they will exhibit hysteresis in moisture sorption due to 
the different histories in stress build up and its relaxation. 

The presented model provides a physically-based alternative to the 
FHFV theory, we have used previously to describe moisture sorption of 
glassy food materials. However, for the new theory to apply one has to 
know the rheology of the material. Given the universal character of the 
FHFV theory, we expect a high degree of universality in the rheology of 
food materials in the transition and glassy zones. Results on glycerol 
solutions (Jensen et al., 2018) show that their rheology is described by 
models quite similar to the Marin-Graessley model, as used for malto
dextrins. But, this universality of rheology has to be soundly established 
via further experiments. 

In the region of RH ≈ 0% model predictions show significant devi
ation from experimental data. There are two possible explanations for 
this deviation: a) there is uncertainty in moisture diffusion coefficient in 
the glassy state (which is very difficult to measure), and b) the invalidity 
of the assumption that the minimal reading of the DVS at RH = 0% is 
without any moisture. Both experimental and simulation results show 
that steady state is not achieved in this region, and consequently it is 
likely at there is still moisture remaining in the food material at mini
mum of the DVS curve. Therefore, we advise to determine dry matter 
content via a separate way, p. e. via oven drying at temperatures above 
the glass transition (but below the decomposition temperature). 

Due to the finding that equilibrium is hardly achieved at low RH, it is 
understandable that it is difficult to obtain consistent sorption isotherms 
from different literature sources, and thus obtain a consistent estimates 
of its parameters like χws, when comparing different fits (as done by 
(Linnenkugel et al., 2022)). 

The significant effect of mechanical stress and viscoelastic relaxation 
on moisture sorption and transport will also play a role in other phe
nomena of food materials, near or in the glassy state. We assume me
chanical stress is the dominant factor in the morphology development of 
droplet during spray drying (Siemons et al., 2020; 2022b). A similar 
model as presented in this paper must be used for the physical 
description of this phenomena, but also for regular description of (sin
gle) droplet drying during spray drying. Mechanical stresses have sig
nificant impact on the driving force for drying (i.e. the chemical 
potential μw), and should be included in the drying models, as has been 
done recently for the case of drying aerosol droplets (Preston, 2022). 
Also, other models describing drying of non-edible soft matter include 
the mechanical stress in drying models (Bertrand et al., 2016; Chen 

et al., 2020; Christodoulou et al., 1998; Curatolo et al., 2018; Okuzono & 
Doi, 2008; Ozawa et al., 2006; Wang & Cai, 2015). 

6. Conclusions 

In this paper we presented a novel model for describing dynamics 
during moisture sorption. We think the presented results makes the case 
very plausible that hysteresis during moisture sorption can be explained 
by mechanical stresses and their viscoelastic relaxation. Near and in the 
glassy state viscoelastic relaxation times become very long compared to 
experimental time scale, resulting in the locking of mechanical stresses 
into the food material. This prohibits the glassy material to acquire 
equilibrium conditions, and the state of the material is highly dependent 
on the history of the material. These deviations accumulate during the 
time the material is in the glassy state. Especially, in the adsorption 
branch of the DVS these differences become apparent. 

In the glassy state the material can be approximated by an elastic 
solid, but around the glass transition viscoelastic relaxation will also 
have a significant effect on moisture sorption. Hence, the Leibler- 
Sekimoto model, treating polymers as elastic solids, will not cover all 
physics governing moisture sorption near/in the glassy state. 

In case of known rheology of food materials in the transition and 
glassy zones, the current model is a physically-based alternative for the 
Flory-Huggins-Free-Volume theory, we have used previously to describe 
moisture (ad)sorption of glassy food materials. We have indicated that 
similar models can be used for other drying problems in drying of foods 
or other soft matter. 
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Appendix. .AConsistency of viscohyperelastic and viscoelastic Maxwell model 

We test the equivalence of our visco-hyperelastic model with the classical Maxwell model, in the limit of small deformations via trial simulations of 
a compression-stress relaxation test. Recall our definition of the Maxwell model: 

σ = G(ε − εin)

dεin

dt
=

ε − εin

τ0

(A.1)  

and our viscohyperelastic Maxwell model is: 

σ = G
(

φ∼
1
3
− φ∼

)

dφref

dt
=

φ − φref

τ0

(A.2) 

Assuming uniform compression (for example via immersion in an osmotic solution) Hence, φ ∼ 1/λ3 φref ∼ 1/λ3
in, and φ̃ ∼ 1/λ3

el λi = 1 + εi are the 
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so-called stretch parameters. Substitution of the definitions of the stretch parameters into the viscohyperelastic model gives: 

σ = G̃(1
/

λe − 1
/

λ3
e)

d1/λin

dt
=

1
/

λ3 − 1
/

λ3
in

τ̃0

(A.3) 

In the limit of small deformations, and taking only the linear terms in the Taylor expansion: 

σ = 2G̃εel

εin

dt
=

3(ε − εin)

τ̃0

(A.4) 

The models are equivalent if 2G̃ = G, and 1
3̃τ0 = τ0. We have simulated a compression with a small displacement ε0 = 1%. The duration of the 

compression phase is tc = 3τ0. Subsequently, the stress is computed while keeping the deformation constant at ε0. Simulation results are shown in 
figure A17.

Fig. A.17. Equivalence of small and large deformation Maxwell model, with a single relaxation time τ0, using a simulation of a compression-relaxation experiment.  
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