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Abbreviations

ΔG Gibb’s free energy value

ΔH Enthalpy

ΔS Entropy

A Constant of Halsey equation

ASE Average standard error

aw Water activity

aw,calc. Water activity values estimated with the model

aw,exp Experimental water activity values

B Constant of Halsey equation

BET Brunauer-Emmett-Teller equation

C Adsorbent constant, interaction energy constant
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DDI Dynamic dew point isotherm method

Ds Dried solids

DSC Differential scanning calorimetry

DVS Dynamic vapor sorption method

F, G, and H Constants of Lewicki equation

GAB Guggenheim, Anderson, and De Boer equation

H1 Condensation heat of pure water (J mol-1)

Hm Total sorption heat of the monolayer (J mol-1)

Hq Total sorption heat of subsequent water layers (J mol-1)

K Interaction energy constant

k and n Constants of Henderson equation

M Linearized portion slope of the sorption isotherm in the range

of interest

MRD Measurements of deviation between predicted data

Q Isosteric heat of sorption

–Q/R Slope in the lineal relationship of ln aw against the inverse absolute

temperature

qst Isosteric heat of sorption

R Ideal gas constant

R Ideal gas constant

R2 Coefficient of determination

RH Relative humidity

RMSE Measurements of deviation between experimental data

T Absolute temperature

TB Isokinetic temperature

Tg Glass transition temperature

Thm Harmonic temperature

X Moisture content

Xi Average moisture content values

Xi, calc. Calculated moisture content values

Xi, exp Experimental moisture content values

Xm Monolayer moisture values

1 Introduction

Knowing the moisture content of a product is insufficient to predict its stability,

making it necessary to also know its water activity (aw), a thermodynamic property

describing the interactions between water molecules and the food matrix. Moisture

sorption isotherms, i.e., the relationship between moisture content and aw at con-

stant pressure and temperature describing the sorption process of water molecules

into a specific material, are useful when identifying optimal food dehydration and

storage conditions. Moisture sorption properties affect physicochemical and bio-

logical phenomena such as enzymatic degradation, microbial activity, food
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microstructure, sensory quality deterioration, nutrient losses, and other changes

limiting the shelf life of food products. Some of these phenomena are associated

with water mobility, which is also related with the phase transitions from a “glass”

or amorphous to a “rubbery” state. Glass transition is a second order phase

transition associated with time, temperature, and moisture content. When fresh

foods are dried, water removal leaves behind an amorphous material. A desirable

final product moisture level is one that corresponds to a glass transition temperature

(Tg) higher than the product storage temperature. Therefore, knowing Tg helps in
setting the food storage and/or process conditions required to retain textural prop-

erties and to predict the shelf life of low and intermediate moisture content foods.

The aim of this work is to present information on food moisture sorption

isotherms and their relationship with product composition and temperature. Advan-

tages and disadvantages of experimental methods available to obtain sorption

isotherms are reviewed, equations describing experimental data are then discussed,

and finally, practical applications to shelf life estimations due to moisture gain or

loss are presented.

2 Moisture Sorption Isotherms

Moisture sorption isotherms are a graphical representation of the thermodynamic

equilibrium between moisture content and the water activity at a given temperature

and pressure (Iglesias and Chirife 1982). The shape of the moisture sorption

isotherms changes with temperature, composition, pressure, physical state of the

components, and the process of dehydration/humidification used; every product

isotherm is unique (Goula et al. 2008; Vega-Gálvez et al. 2009). Moisture sorption

isotherms describe how water molecules are adsorbed by a specific material, and

are used to predict the shelf life of food and pharmaceutical products due to

moisture gain (adsorption) or loss (desorption), and also to define storage, transport,

and process conditions, or to estimate the energy requirements of a dehydration

process (Arlabosse et al. 2003; Iglesias and Chirife 1982; Lewicki 2000). The

adsorption/desorption process is not fully reversible (Fig. 1), i.e., at the same aw a

larger moisture content is observed during the desorption process, a phenomenon

called hysteresis (Basu et al. 2006; Al-Muhtaseb et al. 2002).

Five isotherm types have been reported (Fig. 2). Type I or Langmuir isotherms

are observed when water molecules are absorbed by materials mostly as a single

monolayer; Type II, shown by soluble materials, are sigmoidal isotherms with an

asymptotic tendency when aw approaches 1.0; Type III corresponds to high sugar

concentration products; Type IV describes hydrophilic solids; and Type V repre-

sents adsorption of water molecules as multilayers (Basu et al. 2006; Al-Muhtaseb

et al. 2002). Most food products exhibit Type II or III.
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2.1 Monolayer Moisture Content

The monolayer moisture content is defined as the water necessary to cover by

absorption to hydrophilic and polar groups the entire food surface, including pores

and capillaries (Rahman 2009; Furmaniak et al. 2009). This moisture level is used

as a stability parameter for dried products, since this bound water can be assumed as

being unavailable to participate in reactions requiring water as a solvent or to exert

a plasticizing role (Bell and Labuza 2000; Basu et al. 2006). Water absorbed in

excess of the monolayer value is arranged into multilayers bound by hydrogen

bonds, and can interact with other chemical compounds of the food matrix or

participate in the transport of soluble compounds (Rahman 1995; Furmaniak
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et al. 2009). From a practical point of view, the monolayer value is a reference

parameter defining for dried products a moisture content value for maximal product

stability.

2.2 Temperature and Composition Effects on Moisture
Sorption Properties

Many factors affect the sorption isotherm, but the most important ones are food

composition and temperature (Goula et al. 2008; Vega-Gálvez et al. 2009).

2.2.1 Chemical Composition and Moisture Sorption Properties

Food systems are complex matrices constituted by a continuous aqueous phase and

a small fraction of dispersed solids. Soluble compounds in the aqueous phase

consist of sugars, salts, and others, while the solid phase is constituted by insoluble

polymers such as starch, proteins, and insoluble fiber (Moreira et al. 2009). The

relationship of moisture and water activity depends on the food composition and

how water molecules interact with food compounds, i.e., how many polar sites are

available for the binding of water molecules (Iglesias and Chirife 1982; Kingsly and

Ileleji 2009; Moreira et al. 2009; Myhara et al. 1998). While water soluble mole-

cules such as sugars, salts, or soluble fibers bind water molecules contributing to

vapor pressure reduction, insoluble solids with no binding sites do not, thus higher

values of aw are reached at the same equilibrium moisture content (Goula

et al. 2008; Moreira et al. 2009).

2.2.2 Effect of Temperature on Sorption Isotherms

Temperature influences the water molecular mobility in a food system, as well as

the dynamic exchange between the vapor and the absorbed phases. In addition, the

binding energy between molecules decreases when temperature increases, so a

reduction in the adsorption capacity of water molecules is observed, leading to

changes in the sorption isotherm (Quirijns et al. 2005; McMinn et al. 2003). As

shown in Fig. 3, temperature increases aw at the same equilibrium moisture content,

reflecting a reduction in the total number of active sites for water adsorption as a

result of physical and/or chemical changes due to the temperature increase (Goula

et al. 2008; Quirijns et al. 2005).
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3 Experimental Methods for the Determination
of Moisture Sorption Isotherms

Experimental methods are divided into those with the air relative humidity and/or

temperature continuously changing, and those known as dynamic methods, in

contrast with static methods where air properties are kept constant during aw
determination.

3.1 Static Methods

In static methods, samples in hermetic and closed vessels are kept in contact with

air at constant relative humidity (RH) and temperature until equilibrium between

the sample and air is reached. These methods can be classified as hygrometric,

manometric, and gravimetric (Iglesias and Chirife 1982). In hygrometric methods,

the surrounding food atmosphere vapor pressure is measured using dew point and

electrical sensors (Spiess and Wolf 1987). In manometric methods, air vapor

pressure in equilibrium with the food sample is measured (Goula et al. 2008; Spiess

and Wolf 1987). In gravimetric methods, equilibrium is evaluated by following

weight changes (Iglesias and Chirife 1982) in samples (2 g approx.) with known

moisture content in contact with air at constant RH and temperature. Weight

loss (desorption) or gain (adsorption) is evaluated until equilibrium is reached,

i.e., when the difference between two consecutive measurements is

approximately� 0.0010 g. The measuring system consists of a series of hermetic

containers (glass jars or desiccators), a glass or plastic base (usually a petri dish),

and weighing bottles where samples are placed (Iglesias and Chirife 1982; Bell and

Labuza 2000; Spiess and Wolf 1987). Hermetic flasks (or desiccators) are placed in

a constant room temperature or in an incubator. Saturated salt solutions, sulfuric

acid, or glycerol solutions are used to control the RH. Saturated salt solutions are

Water Activity

M
oi

st
ur

e 
co

nt
en

t (
%

,d
b) 40°C

30°C
20°C

60°C

Fig. 3 Effect of

temperature on moisture

sorption isotherms

192 C. Caballero-Cer�on et al.



preferred, as they are thermally stable and show small RH variation with temper-

ature changes, as well as being stable to changes in sample moisture content

(Greenspan 1977; Rockland 1960; Spiess and Wolf 1987). Table 1 shows the

most common salts employed in the 0.11–0.976 aw interval (L�opez-Malo

et al. 1994).

Static methods are simple to operate and allow multiple samples to be analyzed

simultaneously, but determination times are long, samples must be removed from

the system for weighing which may modify their equilibrium moisture, requiring

large sample quantities for a complete isotherm, and determination points are

discrete (Yu et al. 2008a, b; Lewicki 2000). Long determination times are required

to ensure that thermodynamic equilibrium between samples and air is reached

(Spackman and Schmidt 2010). However, these long times may result in mold

growth in samples with RH greater than 75 %, causing the loss of experimental data

(Bell and Labuza 2000; Yu et al. 2008a, b; Baucour and Daudin 2000). Automatic

and dynamic methods have been developed to avoid these experimental limitations.

3.2 Dynamic Methods

Samples are placed on a microbalance and an air stream with known RH and

constant temperature passes continuously over them. Constant exposure to air

flow and the small sample weight reduce the determination time from days to

hours, making it possible to measure points at high aw levels without the risk of

microbial growth or physicochemical changes in the sample (Rahman and

Table 1 Water activity

generated by oversaturated

salt solutions at different

temperatures (adapted from

L�opez-Malo et al. 1994)

Salt

Water activity

Temperature (�C)
25 30 35

Lithium chloride, LiCl 0.111 0.112 0.113

Potassium acetate, CH3COOK 0.252 0.244 0.237

Magnesium chloride, MgCl2 0.325 0.322 0.319

Potassium carbonate, K2CO3 0.434 0.432 0.431

Magnesium nitrate, Mg(NO3)2 0.524 0.511 0.499

Sodium bromide, NaBr 0.573 0.559 0.545

Potassium iodide, KI 0.686 0.676 0.669

Strontium chloride, SrCl2 0.707 0.691 0.676

Sodium chloride, NaCl 0.755 0.753 0.752

Ammonium chloride, NH4Cl 0.777 0.763 0.754

Ammonium sulfate (NH4)2SO4 0.807 0.801 0.798

Potassium chloride, KCl 0.843 0.836 0.830

Barium chloride, BaCl2 0.904 0.901 0.898

Potassium nitrite, KNO2 0.931 0.917 0.906

Potassium sulfate, K2SO4 0.976 0.974 0.972

Moisture Sorption Isotherms of Foods: Experimental Methodology. . . 193



Al-Belushi 2006; Arlabosse et al. 2003; Spackman and Schmidt 2010; Yu

et al. 2008c). Only one sample is needed for the complete sorption isotherm, weight

is automatically recorded, and sample handling is reduced (Rahman and Al-Belushi

2006; Yu et al. 2008b). The automated equipment most frequently used is based on

the gravimetric method and uses dew point sensors (Carter and Fontana 2008;

Spackman and Schmidt 2010).

3.2.1 Dynamic Vapor Sorption Method (DVS)

In this method, sample weight is continuously recorded at a constant RH and

temperature. RH is controlled by using a continuous gas flow mix of dry nitrogen

and water vapor. RH changes are programmed as fixed steps controlled by time or

RH values, while weight is continuously measured until equilibrium is reached for

each RH evaluated (Rahman and Al-Belushi 2006; Li and Schmidt 2011). Equip-

ment consists of two symmetric chambers kept at the same RH and temperature,

one for the sample and the other as an empty cell used for reference (Rahman and

Al-Belushi 2006; Roman-Gutierrez et al. 2002). The sample size is small (mg),

reducing the equilibrium time from days to hours for each point in the sorption

isotherm (Arlabosse et al. 2003; Spackman and Schmidt 2010; Rahman and

Al-Belushi 2006). Other DVS method applications include determination of drying

microkinetics and evaluation of time-depending phase changes such as glass

transitions, deliquescence points, crystallizations, and others physicochemical

changes (Yu et al. 2008b; Rahman and Al-Belushi 2006; Spackman and Schmidt

2010). In some cases, thermodynamic equilibrium is not reached due to the fast

exposure of the sample to the gas flow leading to sorption isotherm differences with

those obtained by other methods (Roman-Gutierrez et al. 2002).

3.2.2 Dynamic Dew Point Isotherm Method (DDI)

Water activity and sample weight changes due to continuous flow of a saturated

vapor stream (adsorption) or dried air (desorption) over the sample are measured

directly (Schmidt and Lee 2012; Carter and Fontana 2008). Air flow stops after aw
changes of 0.015 units approximately, and weight and water activity are measured

for each point. Thermodynamic equilibrium may not be reached during measure-

ment, and thus results may differ from those obtained by other methods, particularly

for samples with a slow rate of water diffusion (Schmidt and Lee 2012; Carter and

Fontana 2008). This method has been used to evaluate time-depending phase

changes (Yao et al. 2011; Yuan et al. 2011). The sample chamber in the isotherms

generator consists of a precision balance, a standard mirror dew point sensor, inflow

ports for dry air and water saturated air, and an infrared temperature sensor. Dry air

is obtained by air circulation through a packed desiccant column, while the water
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saturated air is obtained by air circulation through a water reservoir (Schmidt and

Lee 2012; Carter and Fontana 2008). The DDI method is designed to obtain a

complete sorption isotherm (adsorption and desorption) with one sample in a short

time period of approximately 24 h, obtaining a high resolution isotherm (>50

points for isotherm). As more data become available, isotherms can be used to

obtain additional information on the adsorption of water molecules, as well as phase

changes due to moisture content changes. Apple moisture isotherms at 32 �C
obtained by conventional static and DDI methods show the same behavior, but

the resolution is higher for the latter (Fig. 4). Studies on phase changes such as

crystallization, glass transition, and deliquescence points have been reported (Car-

ter and Fontana 2008; Schmidt and Lee 2012; Yao et al. 2011; Yuan et al. 2011;

Spackman and Schmidt 2010; Carter and Schmidt 2012). Yuan et al. (Yuan

et al. 2011) evaluated the polydextrose glass transition, obtaining Tg values similar

to those determined by differential scanning calorimetry (DSC). Yao et al. (2011)

measured the deliquescence point for crystalline sucrose at 15, 25, and 35 �C.
Although Tg values obtained by the DDI method are restricted to the 15–40 �C
equipment operation limits, these are the most common temperature storage con-

ditions; thus; results will be useful when setting food storage and shipping condi-

tions. Schmidt and Lee (2012) observed that sorption isotherms for corn starch,

isolated soy protein, microcrystalline cellulose, and crystalline sucrose obtained by

DDI and static gravimetric methods were similar. However, those for lactose and

corn flakes differed, which was assumed to be associated with phase transitions or

slow water diffusion rate, respectively (Carter and Fontana 2008). Diffusion rate

can be increased by decreasing the particle size or reducing air flow, yielding DDI

results in agreement with those obtained by other methods (Schmidt and Lee 2012).
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4 Modeling Sorption Isotherms

Mathematical models proposed to describe experimental sorption isotherms for

food products can be classified according to the number of parameters used, or on

whether they are based on theoretical or empirical assumptions (Basu et al. 2006;

Bhandari and Adhikari 2008). Most models used 2–3 parameters, and the one

selected should describe the experimental data well, have less mathematical com-

plexity, and provide mechanistic information on the food hygroscopic properties

(Basu et al. 2006). Foods are complex systems, and thus a single model cannot

describe all products (Al-Muhtaseb et al. 2002; Bhandari and Adhikari 2008). In the

mathematical models presented next, X and Xm are the moisture content and

monolayer moisture values (gH2O/100 g dried solids), respectively.

4.1 Brunauer-Emmett-Teller (BET) Equation
(Brunauer et al. 1938)

The BET equation, a semiempirical 2-parameter model, describes the aw< 0.5

region (Al-Muhtaseb et al. 2002; Bhandari and Adhikari 2008) as follows:

X ¼ XmCaw
1� awð Þ 1þ C� 1ð Þaw½ � ð1Þ

where C is an adsorbent constant. This model assumes that the sorption heat in the

monolayer is constant and equal to the water vaporization heat plus a constant related

to the interaction site, the sorption heat for watermolecules above themonolayer value

is equal to that for pure water, water sorption occurs only on specific food structure

sites, and the sorption surface is homogeneous. The monolayer moisture content

defines the moisture content for the maximum stability of dehydrated products.

4.2 Guggenheim, Anderson, and De Boer (GAB)
Equation (van den Berg and Bruins 1981)

The GAB model, a semi-theoretical 3-parameter equation, describes water adsorp-

tion as a multilayer phenomenon (van den Berg and Bruins 1981; Jouppila and Roos

1997) as follows:

X ¼ XmCKaw
1� Kawð Þ 1þ C� 1ð ÞKaw½ � ð2Þ

where C and K are interaction energy constants for the monolayer and the other

water molecules are adsorbed on individual sites, respectively. Equations (3) and

(4) are the temperature functions used to evaluate the constants C and K:
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C ¼ C0 exp
H1 � Hm

RT

� �
ð3Þ

K ¼ K0 exp
H1 � Hq

RT

� �
ð4Þ

where H1, Hm, and Hq are, respectively, the condensation heat of pure water

(J/mol), total sorption heat of the monolayer (J/mol), and total sorption heat of

subsequent water layers (J/mol), T is the absolute temperature (K) and R is the ideal

gas constant (8.314 J/mol/K) (Talla et al. 2005). Xm is considered temperature

independent, but in some cases it has been shown to decrease when temperature

increases (Goula et al. 2008; Quirijns et al. 2005). This monolayer moisture content

decrease may be due to a reduction of the active binding water sites as a result of

physical or chemical changes induced by temperature. The temperature function for

Xm can be expressed as:

Xm ¼ Xm,0 exp
ΔHX

RT

� �
ð5Þ

where Xm,0 and ΔHX (J/mol) are constants. The GAB model assumes that water

adsorption is a multilayer phenomenon without lateral interactions of water mole-

cules. The monolayer covers the complete sorbent surface with water molecules

bound very tightly in the monolayer, whereas the subsequent 2–9 multilayers have

less interaction with the sorbent (Quirijns et al. 2005). Timmermann et al. (2001)

observed that the GAB parameters are more representative than the corresponding

BET parameters for food products, whereas Singh and Singh (1996) showed that it

can describe different food isotherm types. The temperature, moisture content, and

aw intervals tested in this latter work were 4–140 �C, 2–77 %, and 0.059–0.99,

respectively.

4.3 Halsey Equation (Halsey 1948)

This model overcomes BET limitations (Rahman 1995) by assuming that the

potential energy of water molecules varies with the inverse of their distance from

the food surface and can describe a wide variety of food isotherms in the 0.1–0.8 aw
interval and is expressed as follows:

X ¼ �A

RTln aw

� �1 C=

ð6Þ
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where A and C are constants, and T is the absolute temperature (K). As the term RT
does not eliminate the temperature dependence of constants A or B, this expression
is simplified as follows (Iglesias and Chirife 1976; Basu et al. 2006):

X ¼ �A0

ln aw

� �1 B=

ð7Þ

where A0 is a new constant and may be related to temperature as an exponential

function:

X ¼ �exp Aþ BTð Þ
ln aw

� �1 C=

ð8Þ

where A, B, and C are constants for each isotherm.

4.4 Henderson Equation (Henderson 1952)

The Henderson model, an empirical relationship between adsorbed moisture and aw
used to describe moisture sorption isotherms of food products, but with rather

limited applicability as compared with other models, is expressed as (Rahman

1995):

1� aw ¼ exp �kTXnð Þ ð9Þ

where k and n are constants and T is the temperature (�C). The following expression
is a modification of the original Henderson equation considering k as temperature

function:

1� aw ¼ exp �A T þ Bð ÞXn½ � ð10Þ

where A, B, and C are model constants.

4.5 K€uhn Equation (K€uhn 1964)

This theoretical model, based on a capillary condensation concept and applied most

frequently to vegetable and animal products (Akanbi et al. 2006; Escobedo-

Avellaneda et al. 2011a, b), is expressed as follows:
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X ¼ � k

ln aw
þ B0 ð11Þ

where k and B0 are constants.

4.6 Oswin Equation (Oswin 1946)

The Oswin equation, an empirical model to describe sigmoidal moisture isotherms,

can be represented as follows:

X ¼ A
aw

1� aw

� �B
ð12Þ

where A and B are constants. Applications of this equation include high starch

content products and also different vegetable products (Al-Muhtaseb et al. 2002).

4.7 Lewicki Equation (Lewicki 1998, 2000)

Assuming that food moisture can be described as pure and hydration water, Lewicki

(2000) proposed the following 2-parameter model related to Raoult’s law:

X ¼ A
1

aw
� 1

� �b�1

ð13Þ

where A and b are constants. This equation can yield better results than the GAB

model, especially when aw is close to 1.0. Although this equation is similar to the

Oswin model (Eq. 12), some differences between these two equations can be noted.

In contrast with the 2-parameter Lewicki expression (Eq. 13), the Oswin equation is

an empirical model, and thus its constants have no physical meaning. In addition,

the point aw¼ 1 is excluded (Lewicki 2000; McMinn et al. 2004). Lewicki (1998)

proposed the following 3-parameter model based on a 2-function expression to

describe processes occurring in parallel, the first one predominating at high aw, with
the second being more important at low aw:

X ¼ F

1� awð ÞG þ F

1þ awH
ð14Þ

where F, G, and H are constants. This equation was tested using 31 sorption

isotherms reported for various food products yielding better results than those

obtained for the GAB, but not as good as those for the Peleg model (Eq. 16).
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McMinn et al. (2004) showed that while the 2- and 3-parameter Lewicki equations

well describe experimental data for high starch products, the 3-parameter equation

gives better results for food products with Type II isotherms within the 30–60 �C
temperature range, and the 2-parameter equation was superior to the GAB equation.

However, sorption isotherms of potato, high amylose, and high amylopectin starch

powders cannot be described using the Lewicki equations.

4.8 Smith Equation (Smith 1947)

The Smith model, an empirical equation describing the high aw portion of sorption

isotherms for products containing high molecular weight solutes (Rahman 1995),

can be represented as follows:

X ¼ Aþ Blog 1� awð Þ ð15Þ

where A and B are constants, A is the moisture fraction absorbed on the first

fraction, and B is the water in the multilayer fraction. This model, limited to the

0.5–0.95 aw interval (Al-Muhtaseb et al. 2004; Rahman 1995), assumes that there

are two fractions of water molecules adsorbed on the food surface. The first fraction

with a condensation heat higher than the one for pure water follows the Langmuir

model, while the second fraction consisting of a multilayer of condensed water

molecules formed only after the first is absorbed, preventing any evaporation from

the first fraction. The Smith model describes only the behavior of the second

fraction (Al-Muhtaseb et al. 2002).

4.9 Peleg Equation (Peleg 1993)

The Peleg model is a semiempirical 4-parameter equation describing sigmoidal and

non-sigmoidal isotherms as follows:

X ¼ K1a
n1
w þ K2a

n2
w ð16Þ

where K1, K2, n1, and n2 are constants and n1< 1 and n2> 1. When aw! 1,

X!K1 +K1; however, the adsorbed moisture content values do not reach these

values at aw values close to 1.0. Therefore, this equation is used for aw< 0.95

(Lewicki 1998).
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5 Analysis of Applicability for Modeling of Food
Sorption Isotherms

Models selected to describe experimental sorption data must be evaluated using

statistical indices such as the coefficient of determination (R2, Eq. 17), root mean

squared error (RMSE, Eq. 18), mean relative deviation (MRD, Eq. 19), and average

standard error (ASE, Eq. 17):

R2 ¼ 1�

Xn
i¼1

Xi, calc � Xi, exp

� �2
Xn
i¼1

Xi, exp � Xi, exp

� �2 ð17Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

Xi, calc � Xi, exp

� �2s
ð18Þ

MRD ¼ 1

n

Xn
i¼1

Xi, calc � Xi, exp

Xi, exp

				
				 ð19Þ

ASE ¼ 100

n

Xn
i¼1

abs
aw,calc � aw,exp
1� aw,exp

� �
ð20Þ

where aw,calc. and aw,exp, are the aw values estimated with the model and experi-

mental value, respectively, while Xi,exp, Xi,calc, Xi are the experimental, calculated,

and average moisture content values, respectively, and n is the number of experi-

mental data points. R2 quantifies the portion of the total variation explained by

regression, so when R2 is closer to 1, the model better fits the experimental data.

RMSE and MRD values are measurements of deviation between experimental and

predicted data, and low values of RMSE and MRD are expected for equations best

describing the experimental data. When MRD< 10 %, the equation can be used to

describe experimental data (Ruiz-L�opez and Herman-Lara 2009; Basu et al. 2006).

Plotting the residuals (X�Xcalc) against the independent variable is also a measure

of error distribution, i.e., when the model suitably describes the experimental data,

the residuals should be randomly independent errors with a zero mean, constant

variance and arranged in a normal distribution. If residual plots have a clear pattern,

the model should be rejected (Basu et al. 2006).
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6 Models Used to Describe Food Moisture
Sorption Isotherms

Examples of mathematical models describing sorption isotherms for fruit products,

as summarized in Table 2, show the GAB equation as the most widely used, since

this theoretical 3-parameter equation provides estimates of monolayer moisture

values and is able to take temperature effects into consideration. Reported MRD

values for fruit sorption data under 10 % indicate a good fitness to experimental

data. On the other hand, the BET equation describing only the low aw isotherm

portion is used by most authors to estimate moisture monolayer values, which are

Table 2 Mathematical equations used to describe fruit moisture sorption isotherms

Equation Samples

GAB Grapes (Kaymak-Ertekin and Sultano�glu 2001), apricots (Kaymak-Ertekin and

Sultano�glu 2001), apple (Duarte Goneli et al. 2010; Kaymak-Ertekin and

Sultano�glu 2001; Spiess and Wolf 1987), mango (Rockland 1960; Timmermann

et al. 2001; Hossain et al. 2001), banana (Ferro-Fontan et al. 1982; Jouppila and

Roos 1997; Kaya and Kahyaoglu 2007; Moreira et al. 2009; Timmermann

et al. 2001; Yan et al. 2008a, b), pineapple (Iglesias and Chirife 1976;

Timmermann et al. 2001), gnetum (Eim et al. 2011), strawberries (Moraga

et al. 2006), kiwi (Moraga et al. 2011), blue berries (Liu et al. 2010; Vega-Gálvez

et al. 2009), dates (Belarbi et al. 2000), persimmon (Benedetti et al. 2011), papaya

(Lewicki 1998)

BET Grapes (Kaymak-Ertekin and Sultano�glu 2001), apricots (Kaymak-Ertekin and

Sultano�glu 2001), apple (Kaymak-Ertekin and Sultano�glu 2001), mango (Rockland

1960; Timmermann et al. 2001), banana (Ferro-Fontan et al. 1982; Jouppila and

Roos 1997; Moreira et al. 2009; Timmermann et al. 2001; Yan et al. 2008a),

pineapple (Timmermann et al. 2001), strawberries (Moraga et al. 2006), kiwi

(Moraga et al. 2011), blue berries (Vega-Gálvez et al. 2009), dates (Belarbi

et al. 2000)

Halsey Grapes (Kaymak-Ertekin and Sultano�glu 2001), apricots (Kaymak-Ertekin and

Sultano�glu 2001), apple (Kaymak-Ertekin and Sultano�glu 2001), mango (Rockland

1960), banana (Ferro-Fontan et al. 1982; Jouppila and Roos 1997; Yan

et al. 2008a), blue berries (Vega-Gálvez et al. 2009)

Henderson Grapes (Kaymak-Ertekin and Sultano�glu 2001), apricots (Kaymak-Ertekin and

Sultano�glu 2001), apple (Kaymak-Ertekin and Sultano�glu 2001), mango (Quirijns

et al. 2005; Rockland 1960), banana (Ferro-Fontan et al. 1982; Jouppila and Roos

1997; Yan et al. 2008b), pineapple (Iglesias and Chirife 1976), blue berries

(Vega-Gálvez et al. 2009), persimmon (Benedetti et al. 2011)

Künh

Lewicki Persimmon (Benedetti et al. 2011)

Oswin Grapes (Kaymak-Ertekin and Sultano�glu 2001), apricot (Kaymak-Ertekin and

Sultano�glu 2001), apple (Kaymak-Ertekin and Sultano�glu 2001), mango (Rockland

1960), banana (Ferro-Fontan et al. 1982; Yan et al. 2008b), blue berries

(Vega-Gálvez et al. 2009), persimmon (Benedetti et al. 2011)

Peleg Persimmon (Benedetti et al. 2011)

Smith Mango (Rockland 1960), banana (Ferro-Fontan et al. 1982), pineapple (Iglesias

and Chirife 1976), blue berries (Vega-Gálvez et al. 2009)
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then compared to those obtained with the GABmodel. The reported values of MRD

above 15 % for the Halsey, Henderson, and Oswin equations show that these

equations are not suitable for high sugar content products such as fruits.

The mathematical description of sorption isotherms for vegetable products,

particularly spray dried tomato pulp (Table 3), shows that in the 20–60 �C temper-

ature range the GAB model best describes the experimental data (MRE< 4 %)

followed by the Peleg equation (MRE< 11 %). The Halsey, Henderson, and Oswin

equations were not successful in showing MRE values reaching 86 % for the Halsey

equation. In contrast, for green pepper, red pepper, and samples with high starch

content such as potato, the Halsey and Oswin equations showed better results with

MRE values in the 3.7–10.0 % range, while for mushrooms and carrots, the

Henderson model was the most suitable with MRE of 0.42 % and 4.7 %, respec-

tively. Table 4 summarizes equations describing the moisture isotherm for other

Table 3 Mathematical equations used to describe vegetables moisture sorption isotherms

Equation Samples

GAB Tomato pulp (Greenspan 1977), potato (Kaymak-Ertekin and Sultano�glu 2001;

McMinn and Magee 2003; Medeiros et al. 2006), mushrooms (Sharma et al. 2009),

onion (Talla et al. 2005; Viswanathan et al. 2003), red pepper (Kim et al. 1991;

Kingsly and Ileleji 2009), raw bamboo (Corey et al. 2011), gluten potato (Viollaz

and Rovedo 1999), green pepper (Kingsly and Ileleji 2009), tomato slices (Akanbi

et al. 2006), carrot (Escobedo-Avellaneda et al. 2011a), Mexican red sauce

(Escobedo-Avellaneda et al. 2011b)

BET Tomato pulp (Greenspan 1977), mushrooms (Baucour and Daudin 2000), potato

(Kaymak-Ertekin and Sultano�glu 2001; Medeiros et al. 2006), onion (Viswanathan

et al. 2003), red pepper (Kingsly and Ileleji 2009), raw bamboo (Corey et al. 2011),

green pepper (Kingsly and Ileleji 2009), tomato slices (Iglesias and Chirife 1982),

Mexican red sauce (Escobedo-Avellaneda et al. 2011b)

Halsey Mushrooms (Sharma et al. 2009), potato (Kaymak-Ertekin and Sultano�glu 2001;

McMinn and Magee 2003; Medeiros et al. 2006), onion (Viswanathan et al. 2003),

green pepper (Greenspan 1977), tomato slices (Akanbi et al. 2006), carrot

(Escobedo-Avellaneda et al. 2011a), Mexican red sauce (Escobedo-Avellaneda

et al. 2011b)

Henderson Potato (Kaymak-Ertekin and Sultano�glu 2001), mushrooms (Sharma et al. 2009),

onion (Viswanathan et al. 2003), carrot (Escobedo-Avellaneda et al. 2011a),

Mexican red sauce (Escobedo-Avellaneda et al. 2011b)

Künh Tomato slices (Akanbi et al. 2006), mushrooms (Sharma et al. 2009), Mexican red

sauce (Escobedo-Avellaneda et al. 2011b)

Lewicki

Oswin Tomato pulp (Greenspan 1977), potato (Kaymak-Ertekin and Sultano�glu 2001;

Medeiros et al. 2006), mushrooms (Sharma et al. 2009), tomato slices (Akanbi

et al. 2006), carrots (Escobedo-Avellaneda et al. 2011a)

Peleg Tomato pulp (Greenspan 1977), turnip top leaves and stems (Moreira et al. 2005),

carrots (Escobedo-Avellaneda et al. 2011a), Mexican red sauce

(Escobedo-Avellaneda et al. 2011b)

Smith Tomato pulp (Greenspan 1977), mushrooms (Sharma et al. 2009), carrot

(Escobedo-Avellaneda et al. 2011a)
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food products. For amaranth grains and bean flour, the Henderson, Halsey, and

Oswin models had MRD< 10 %, confirming that these equations can be used to

describe high starch products. In conclusion, the models best describing moisture

isotherms vary with the product type and composition.

Table 4 Mathematical equation used to describe diverse food products moisture sorption

isotherm

Equation Samples

GAB Cocoa beans (Menkov 2000; Sá and Sereno 1994), millet flour (Jamali et al. 2006),

Basundi ready to use (Schmidt and Lee 2012), Chenopodium ambrosioides
(pazote) (Johnson and Brennan 2000), cowpea and its protein insolated (Ayranci

and Duman 2005), bitter orange leaves (Moraga et al. 2004), curd powder

(Varghese et al. 2008), rice crackers (Singh and Singh 1996), maltodextrin (Lim

et al. 1995), safflower petals and tarragon (Kaymak-Ertekin and Gedik 2003), fish

flour (Lemus-Mondaca et al. 2009), cornmeal (Gabas et al. 1999), freeze-dried

milk products (Katekawa and Silva 2007), starch gels (McMinn et al. 2004), potato

starch (Al-Muhtaseb et al. 2002), bean flour (Mohamed et al. 2005), amaranth

grains (Peleg 1993), macaroni (Arslan and To�grul 2005), rice (Tonon et al. 2009),

lentil seeds (Menkov et al. 2004), corn starch (Pott et al. 2005)

BET Cocoa beans (Menkov 2000; Sá and Sereno 1994), millet flour (Jamali et al. 2006),

Basundi ready to use (Schmidt and Lee 2012), cowpea and its protein insolated

(Ayranci and Duman 2005), walnut flour (Menkov et al. 2005), curd powder

(Varghese et al. 2008), safflower petals and tarragon (Kaymak-Ertekin and Gedik

2003), fish flour (Lemus-Mondaca et al. 2009), cornmeal (Gabas et al. 1999),

freeze-dried milk products (Katekawa and Silva 2007), bean flour (Mohamed

et al. 2005), macaroni (Arslan and To�grul 2005), rice (Tonon et al. 2009), lentil

seeds (Menkov et al. 2004), corn starch (Pott et al. 2005)

Halsey Cocoa beans (Sá and Sereno 1994), cowpea and its protein insolated (Ayranci and

Duman 2005), curd powder (Varghese et al. 2008), safflower petals and tarragon

(Kaymak-Ertekin and Gedik 2003), freeze-dried milk products (Jamali et al. 2006),

starch gels (McMinn et al. 2004), potato starch (Al-Muhtaseb et al. 2002), corn

starch (Pott et al. 2005)

Henderson Curd powder (Varghese et al. 2008), cocoa beans (Sá and Sereno 1994), cowpea

and its protein insolated (Ayranci and Duman 2005), freeze-dried milk products

(Katekawa and Silva 2007), starch gels (McMinn et al. 2004), macaroni (Arslan

and To�grul 2005), rice (Tonon et al. 2009), potato starch (Al-Muhtaseb et al. 2002),

corn starch (Pott et al. 2005)

Künh Cocoa beans (Sá and Sereno 1994), cowpea and its protein insolated (Ayranci and

Duman 2005), freeze-dried milk products (Katekawa and Silva 2007)

Lewicki Corn starch (Pott et al. 2005)

Oswin Cowpea and its protein insolated (Ayranci and Duman 2005), curd powder

(Varghese et al. 2008), safflower petals and tarragon (Kaymak-Ertekin and Gedik

2003), freeze-dried milk products (Katekawa and Silva 2007), macaroni (Arslan

and To�grul 2005), rice (Tonon et al. 2009)

Peleg Starch gels (McMinn et al. 2004), macaroni (Arslan and To�grul 2005), rice (Tonon
et al. 2009), potato starch (Al-Muhtaseb et al. 2002)

Smith Cocoa beans (Sá and Sereno 1994), cowpea and its protein insolated (Ayranci and

Duman 2005), curd powder (Varghese et al. 2008), starch gels (McMinn

et al. 2004), potato starch (Al-Muhtaseb et al. 2002), macaroni (Arslan and To�grul
2005), rice (Tonon et al. 2009), corn starch (Pott et al. 2005)
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7 Thermodynamic Properties: Sorption Heat,
Enthalpy (ΔH), and Entropy (ΔS)

The determination of thermodynamic sorption properties can lead to an understand-

ing of the molecular interactions between water molecules and the sorbent (Aguerre

et al. 1986; Beristain et al. 1996). Enthalpy changes (ΔH ) measure energy changes

due to the molecular interaction between water molecules and sorbent during

sorption processes, while entropy changes (ΔS) can be associated with binding or

repulsive forces in the system. Finally, Gibb’s free energy (ΔG) is associated with

water affinity and provides a criterion to assess whether water sorption occurs as a

spontaneous process (Beristain et al. 1996; Apostolopoulos and Gilbert 1990).

Thermodynamic sorption properties can be obtained when moisture isotherms

are available at two or more temperature values. Food moisture sorption capacity

may decrease with temperature, indicating that the hygroscopic characteristics of

the sorbent decreases as well, which can be explained thermodynamically by using

the Clausius-Clapeyron relationship (Aguerre et al. 1986; Gabas et al. 1999):

ln aw ¼ �Q

R

1

T
ð21Þ

where aw is water activity, �Q/R is the slope in the lineal relationship of ln aw
against the inverse absolute temperature (T ), Q is isosteric heat of sorption, and R is

the ideal gas constant. The net isosteric heat of adsorption is used to calculate the

binding energy between water molecules as follows:

ln aw ¼ ΔH
RT

� ΔS
R

ð22Þ

A linear relationship between the enthalpy and entropy of the moisture sorption

forces has been shown for several products where the slope represents the isokinetic

temperature (TB) and the intercept is the Gibb’s free energy value (ΔGB) (Aguerre

et al. 1986; Beristain et al. 1996; Ferro-Fontan et al. 1982). This relationship

(Eq. 23) is known as the enthalpy-entropy compensation or isokinetic theory.

This relationship determines if sorption phenomena are controlled by enthalpic or

entropic processes. TB, defined as the temperature at which all reactions in the

series proceed at the same rate, can be compared to the harmonic temperature

(Thm, Eq. 24) to confirm the existence of enthalpy-entropy compensation.

When TB> Thm, the sorption process is enthalpy controlled, while Thm> TB indi-

cates that the process is entropy controlled (Aguerre et al. 1986; Gabas et al. 2000).

ΔH ¼ TBΔSþ ΔGB ð23Þ
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Thm ¼ nXn
i¼1

1 T= Þ� ð24Þ

Beristain et al. (1996) observed the existence of two different mechanisms of

moisture adsorption in potato and macadamia nuts. At low aw, the process was

enthalpy controlled, while subsequent moisture gain is entropy controlled. In

contrast, in dried fruits (raisins, currants, figs, prunes, and apricots) the process

was enthalpy controlled for the entire moisture content range. Enthalpy-controlled

processes were also observed for plum pulp and skin (Gabas et al. 1999), spray

dried tomato pulp (Goula et al. 2008), loquat and quince (Moreira et al. 2008), and

other high sugar content products.

Isosteric heat of sorption (qst) dependency on food moisture content (Fig. 5)

shows that as moisture content increases and aw approaches 1.0, it comes close to

the vaporization heat of pure water. Values are higher at low moisture values

(<20 %) because water molecules in this zone bind directly to the food compo-

nents. In high sugar content products, qst values are higher than in high insoluble

fiber content products because in the former, water molecules form hydrogen bonds

with sugar molecules and more energy will be required to break them. The isosteric

heat of sorption should be considered when evaluating energy requirements in food

drying processes (Gabas et al. 1999).

8 Applications of Moisture Sorption Isotherms

Sorption isotherms are used to predict the stability of foods sensitive to moisture

changes during storage (Bell and Labuza 2000), including microbial activity pre-

diction, evaluation of chemical changes due to moisture gain or loss, enzymatic
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products
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reactions, lipid oxidation, and nonenzymatic browning (Iglesias and Chirife 1982).

Physical changes may take place during the adsorption process, including sticki-

ness, caking, crystallization, and other alterations caused by aw changes. Knowl-

edge of moisture content or aw value leading to undesirable changes in product

quality, defined as the critical moisture sorption point (MSP), could improve food

transport and storage to prevent undesirable product changes.

Product quality losses have also been related to the glass transition point of

dehydrated products. An amorphous state is reached in foods with high sugar

content when they have been dehydrated; however, when phase changes to a

rubbery state, quality loss can occur within days and even hours. The viscosity of

amorphous material is around 1012 Pa s, and the mobility of water molecules will be

low enough to prevent microbial and enzymatic degradation reactions (Xie

et al. 2010; Rahman et al. 2003; Liu et al. 2010). This phase change from a glassy

state to a rubbery state is known as glass transition, which is a temperature, moisture

content, and time dependent process.

Phase transitions can be accelerated by increasing temperature or adding a

plasticizer. In high sugar products, water can serve as the plasticizer; thus, the

increase in moisture content may decrease the glass transition temperature to the

storage temperature (Yuan et al. 2011). The moisture content at which a glass

transition takes place at a given storage temperature is a critical moisture content

value. Estimations of the critical moisture content and aw at the glass transition

point are presented in Fig. 6 for structural or texture changes in the final product due

to the gain of water (Tonon et al. 2009).
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Fig. 6 Graphical representation of glass transition (dashed line) and moisture sorption isotherms

(solid line) used to predict critical moisture content by dried products in order to prevent changes

on structural or texture properties
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9 Sorption Isotherms and Shelf Life Predictions
Considering Parameter Variability

Moisture isotherms can be used to select the most appropriate packaging material to

achieve a desired shelf life (Welti-Chanes et al. 2008; Escobedo-Avellaneda

et al. 2011a). Since the adsorption and desorption processes are not the same due

to the hysteresis phenomenon, it is important to use adsorption isotherms when

analyzing moisture gain and desorption isotherms. An adequate predictive model is

crucial to accurately predict the shelf life of products, such as the one proposed by

Labuza and Altunakar (2007):

ln
Xe � Xi

Xe � Xc

� �
¼ k

x

A � p0v
ds � m θ ð25Þ

where X is moisture content (g H2O/g dried solids) with the subindices i and c

corresponding to the initial and critical values, respectively, while e describes the

equilibrium with the storage RH; k/x (g/m2 dia mmHg) is the permeance of the

packaging film, A (m2) is the packaging area, ds (g solids) are the dried solids of the

food, pv
0 (mm Hg) is the water vapor pressure at the sorption isotherm temperature,

m is the linearized portion slope of the sorption isotherm in the range of interest

(Fig. 7), and θ (days) is the estimated shelf life (Bourlieu et al. 2009). Equation (24)

allows estimations of shelf life time by considering initial moisture content, mois-

ture content at which the product becomes unacceptable to the consumer, temper-

ature and RH of storage, and packaging material. This equation can be used in a

deterministic mode, i.e., when parameter variability is not considered in the calcu-

lation and therefore the predicted value does not include a shelf life confidence
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Fig. 7 Sorption isotherm (solid line) used to calculate parameters in shelf life equation for dried

foods, where Xc, Xi, and Xe are the critical, initial, and equilibrium moisture content, respectively
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assessment. On the other hand, a Monte Carlo procedure was recently used to

consider the variability of the moisture isotherm to estimate frequency distributions

for the shelf life of dehydrated tomato slices, chopped onions, and green beans

slices (Escobedo-Avellaneda et al. 2011b). A Monte Carlo procedure is a statistical

method that allows the generation of frequency distributions describing all possible

values for a given outcome (Chotyakul et al. 2011, 2012). This procedure takes into

account the statistical variability of all parameters used. Escobedo-Avellaneda

et al. (2011b) showed a shelf life of 175.5, 62, and 57 days for tomato, onion, and

green beans of intermediate and low moisture content when the variability of GAB

parameters and aw values was not taken into account. On the other hand, when the

standard deviation of GAB parameters and aw values was considered, shelf life

frequency distributions of about 130–270 days, 55–69 days, and 51–65 days for

tomato, onion, and green beans were obtained, respectively. If the accepted prob-

ability that the shelf life would fail before the time specified were 5 %, the

recommended shelf life for tomato, onion, and green beans would be 150 days,

58 days, and 53 days, respectively. On the other hand, if the average values for the

prediction model parameters were used to estimate shelf life, the probability of

product failure before this value would be equal to or higher than 50 %. Therefore,

the Monte Carlo method proposed by these authors is an effective tool to determine

the shelf life of food products with an acceptable risk of product failure before the

shelf life declared by the producer on its label.

10 Final Remarks

Sorption isotherms play a critical role in the description of the properties of

hygroscopic materials and are used to establish proper handling and storage con-

ditions to extend the shelf life of low and intermediate moisture content products.

The described experimental methods for determination of sorption isotherms are

critical for estimation of the hygroscopic properties of foods. Automatic equipment

has been developed to facilitate obtaining sorption isotherms, reducing experimen-

tal times and even increasing the resolution of the experimental data obtained.

However, studies with these units should be expanded to include more complex

systems and improve their design and the procedures to follow when using them.

Methods to determine which equations can best describe experimental moisture

sorption data allow more accurate prediction of conditions of stability, and neces-

sary processes in the study data have shown that no equation can describe all

products and the entire aw range. Adequate descriptions of the moisture data for

various products in the 0.03–0.95 aw range have been reported for the GAB, Peleg,

and Lewicki 3-parameter equations. Thermodynamic properties from sorption iso-

therms can be used in drying process design, or in shelf life prediction for inter-

mediate and low moisture content products, or in setting storage condition and

selection of the properties of the packaging materials. Finally, nondeterministic
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calculation procedures such as the Monte Carlo method represent a new opportu-

nity to improve shelf life estimations.
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Aguerre RJ, Suárez C, Viollaz PE (1986) Enthalpy-entropy compensation in sorption phenomena:

application to the prediction of the effect of temperature on food isotherms. J Food Sci

51:1547–1549

Akanbi CT, Adeyemi RS, Ojo A (2006) Drying characteristics and sorption isotherm of tomato

slices. J Food Eng 73:157–163

Al-Muhtaseb AH, McMinn WAM, Magee TRA (2002) Moisture sorption isotherm characteristics

of food products: a review. Trans IChemE 80:118–128

Al-Muhtaseb AH, McMinn WAM, Magee TRA (2004) Water sorption isotherms of starch

powders. Part 1: Mathematical description of experimental data. J Food Eng 61:297–307

Apostolopoulos D, Gilbert SG (1990) Water sorption of coffee solubles by frontal inverse gas

chromatography: thermodynamic considerations. J Food Sci 55:475–477

Arlabosse P, Rodier E, Ferrasse JH, Chavez S, Lecomte D (2003) Comparison between static and

dynamic methods for sorption isotherm measurements. Dry Tech 21:479–497

Arslan N, To�grul H (2005) Modeling of water sorption isotherms of macaroni stored in a chamber

under controlled humidity and thermodynamic approach. J Food Eng 69:133–145

Ayranci E, Duman O (2005) Moisture sorption isotherms of cowpea (Vigna unguiculata L. Walp)

and its protein isolate at 10, 20 and 30 �C. J Food Eng 70:83–91

Basu S, Shivhare US, Mujumdar AS (2006) Models for sorption isotherms for foods: a review. Dry

Tech 24:917–930

Baucour P, Daudin J (2000) Development of a new method for fast measurement of water sorption

isotherms in the high humidity range validation on gelatin gel. J Food Eng 44:97–107

Belarbi A, Aymard C, Meot JM, Themelin A, Reynes M (2000) Water desorption isotherms for

eleven varieties of dates. J Food Eng 43:103–107

Bell LN, Labuza TP (2000) Moisture sorption: practical aspects of isotherm measurement and use,

2nd edn. American Association of Cereal Chemists, St. Paul, MN

Benedetti PDCD, Pedro MAM, Telis-Romero J, Telis VRN (2011) Influence of encapsulating

materials on water sorption isotherms of vacuum-dried persimmon pulp powder. J Food

Process Preserv 35:423–431

Beristain CI, Garcia HS, Azuara E (1996) Enthalpy-entropy compensation in food vapor adsorp-

tion. J Food Eng 30:3–4

Bhandari BR, Adhikari B (2008) Water activity in food processing and preservation. In: Chen XD,

Arun SM (eds) Drying technologies in food processing. Blackwell Publishing Ltd., West

Sussex, pp 55–89

Bourlieu C, Guillard V, Vallès-Pamiès B, Guilbert S, Gontard N (2009) Edible moisture barriers:

how to assess of their potential and limits in food products shelf-life extension? Crit Rev Food

Sci Nutr 49:474–499

Brunauer S, Emmett PH, Teller E (1938) Adsorption of gases in multimolecular layers. J Am

Chem Soc 60:309–319

Carter B, Fontana A (2008) Dynamic dewpoint isotherm versus other moisture sorption isotherm

methods. Application note. Decagon Devices, Pullman, WA

210 C. Caballero-Cer�on et al.



Carter BP, Schmidt SJ (2012) Developments in glass transition determination in foods using

moisture sorption isotherms. Food Chem 132:1693. doi:10.1016/j.foodchem.2011.06.022

Chotyakul N, Velazquez G, Torres JA (2011) Assessment of the uncertainty in thermal food

processing decisions based on microbial safety objectives. J Food Eng 102:247–256
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