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1. Basics of Moisture Sorption Analysis 

 

Moisture sorption isotherms are defined as: 

"Relationship between the equilibrium moisture 

content of a substance and the 

relative humidity (water activity) of the ambient air 

at a particular temperature". 

 

 

A typical representation of a moisture sorption 

isotherm is given in Fig. 1. Due to the influence of the 

temperature on the moisture sorption behavior of a 

material, the temperature has to be controlled and 

kept constant during dynamic vapor sorption analyses. 

 

Fig. 1: Moisture sorption isotherm 

Results from moisture sorption isotherms are essential 

to obtain information about the water content as a 

function of the water activity (aw-value) of a material in 

equilibrium state.   

The aw-value is a key parameter to estimate the 

stability of a material regarding moisture related 

products changes. 

 

 

The water activity of a material is defined by the 

equilibrium water vapor pressure above the product 

(𝑝𝑤), divided by the vapor pressure of pure water (𝑝0) 

[Eq. 1]. The aw-value equals the relative humidity of the 

surrounding atmosphere in equilibrium with the 

material divided by 100 [Eq. 2]. Thus, aw-values are 

dimensionless and can take values between 0 and 1.  

 

𝑎𝑤 =
𝑝𝑤
𝑝0

 Eq. 1 𝑎𝑤 =
%𝑅𝐻

100
 Eq. 2 

 

Further helpful information about the behavior of the 

material can be obtained from the shape of an 

isotherm that is influenced by the interaction between 

the vapor molecules and the solid. Thus, the course of 

an isotherm can give information about the present 

sorption mechanism. In addition, some materials show 

hysteresis effects which can also be evaluated with the 

help of a sorption isotherm (Fig. 9).  

Based on this information, valuable insights into 

moisture-related material properties and processes 

can be obtained.  

 

2. How to create Moisture Sorption Isotherms? 

The principle of recording moisture sorption isotherms 

is to expose a sample to an atmosphere of controlled 

humidity and temperature and to continuously 

measure the resulting weight change. Such 

experiments can be performed in a very simple way by 

storing samples in desiccators over saturated salt 

solutions. 

However, this more traditional method is time-

consuming and often less accurate and reproducible 

due to environmental influences, for example during 

sample handling and weighing.
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Modern Dynamic Vapor Sorption (DVS) instruments 

overcome these disadvantages by precisely controlling 

and regulating the humidity and temperature 

conditions in the climate chamber and by weighing the 

samples automatically. In particular, the multi-sample 

option of the proUmid instruments for up to 23 

samples makes dynamic water vapor sorption analysis 

very convenient and attractive.  

 

3. Principle of DVS Measurements 

In the automated proUmid DVS analyzers, samples are 

filled into samples dishes and placed into the climate 

chamber of the instruments. By the instrument 

software, user-defined humidity cycles and 

temperatures as well as time-intervals for sample-

weighing can be defined. 

Fig. 2 exemplarily shows a moisture sorption analysis 

with a humidity cycle from 0 – 90 % relative humidity 

(sorption/desorption) at a constant temperature of  

25 °C. The sample weight is measured in previously 

defined time intervals. Thus, as a result of a moisture 

sorption analysis, the weight change of a sample over 

time, depending on the relative humidity and 

temperature is obtained (Fig. 2).  

Fig. 3 schematically shows the weight change over time 

during a sorption step. At the beginning, a strong 

weight increase can be observed which assumes a 

constant level at the end. As long as a weight increase 

takes place - indicated by the yellow points - the 

sample is not in equilibrium with the surrounding 

atmosphere. 

The equilibrium state is only reached when the weight 

of the sample remains constant. In Fig. 3, this is 

represented by the green dot. The DVS device 

automatically recognizes when the equilibrium state is 

reached and then switches to the next humidity level. 

From the sorption kinetics shown in Fig. 2, the moisture 

sorption isotherm is obtained by plotting the moisture 

content of the sample at equilibrium against the 

respective relative humidity (Fig. 4).

 

Fig. 2: Kinetics of moisture adsorption and desorption 

 

 

Fig. 3: Change of sample weight during moisture adsorption 

 

 

Fig. 4: Moisture sorption isotherm
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4. Classification of Moisture Sorption Isotherms 

Depending on the material and the underlying sorption 

mechanism, sorption isotherms have characteristic 

profiles. To enable a uniform description, the sorption 

isotherms have been classified by the IUPAC 

(International Union of Pure and Applied Chemistry) 

into 6 different types based on their shape (Fig. 5). [1] 

 

Fig. 5: IUPAC classification of sorption isotherms [1 

Type-I isotherms characterize a reversible sorption 

process. This sorption behavior is specific for 

microporous materials (pore size < 2 nm) with a small 

outer surface area such as e.g. zeolites, activated 

carbon, porous oxides or anticaking materials. The 

sorption process is limited to monolayer adsorption. 

This is indicated by the approach of the curve to a 

constant level at high relative humidities. 

Type-II isotherms are also reversible but characterize 

the sorption behavior of non- or macroporous 

(pore size > 50 nm) materials. The first inflection point 

of the sorption curve can be interpreted as moisture 

content at complete monomolecular coverage of the 

material. The second steep increase can be attributed 

to multilayer adsorption (Fig. 6 II). 

This sorption behavior is common for many food 

products, starch, cellulose or barium sulphate.

Type-III isotherms are characteristic for reversible 

sorption processes in systems with weak adsorbate-

adsorbent interactions in the range of low aw-values. 

Only for higher relative humidities, moisture 

adsorption increases strongly. For materials containing 

soluble components, this steep increase may indicate 

deliquescence. Typical representatives are 

hydrophobic materials but also non-hygroscopic 

materials with soluble components. 

Isotherms characterized by Type-IV behavior are 

similar to Type-II isotherms but for mesoporous 

materials (pore size: 2-50 nm). The porosity of the 

material favors capillary condensation at higher 

relative humidities, leading to hysteresis in desorption. 

Such behavior can be observed, for example, in silica 

gels.  

Isotherms that take the shape of Type-V correspond to 

Type-III isotherms but for porous materials. Similar to 

Type-IV, hysteresis is explained by the porosity of the 

material. Such behavior can be observed for charcoal 

and, in general, for polar adsorbates on hydrophobic 

surfaces. 

Step-like multilayer adsorption (Type-VI) occurs only 

rarely. An example is the adsorption of argon or 

krypton on graphitized carbon black.  

The different shapes of the isotherms categories are 

attributed to material characteristics as for example 

porosity or surface properties and by the strength of 

interaction between adsorbent and adsorbate. [1] 

 

5. Principles of Solid-Vapor-Interaction 

According to the principle of interaction, two groups of 

sorption behavior can be distinguished. Type I, II and IV 

isotherms show, already at low partial vapor pressures, 

a strong interaction between the vapor molecules and 

the material surface. This can be seen by a strong 

increase in weight in the first part of the moisture 

sorption curve.  

In the medium humidity range, relatively low 

adsorption takes place before a sharp increase in 

moisture occurs at high humidities, which is attributed 

to multilayer adsorption.
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For such systems, the adsorption enthalpy is large 

compared to the condensation enthalpy. That means 

the interaction between vapor molecules and material 

is favored over vapor-vapor interactions. This leads to 

classical monolayer-multilayer adsorption as 

schematically shown in Fig. 6. [2] 

 

Fig. 6: Adsorption 
principle “monolayer-
multilayer” for 
isotherm types I, II and 
IV 

 

Fig. 7: Adsorption 
principle “irregular 
monolayer coverage” 
for isotherm Types III 
and VI 

 

In contrast, for isotherm types III and V, the enthalpy 

of adsorption is equal to or only slightly higher than the 

enthalpy of condensation. This means that adsorbent-

adsorbate interactions are not or only little favored 

over the interactions between the vapor molecules. 

This behavior is reflected in the curve by the small 

change in mass at low relative humidities. At low 

relative humidities only a few vapor molecules adsorb 

on the solid surface, which then preferentially serve as 

binding sites for further water vapor molecules. Due to 

this adsorption mechanism, parts of the surface may 

already be covered with multilayers while other parts 

of the solid are not or only incompletely covered with 

a monolayer (Fig. 7). [2] 

6. Interpretation of Moisture Sorption Isotherms 

The sorption curves of type I, II and IV isotherms allow 

to determine when the material is completely covered 

by a monolayer. By approximating the isotherm data 

for example to the BET sorption model, the moisture 

content of the monolayer is obtained as a 

characteristic parameter. Based on this value, the 

specific surface area of the sample can be calculated. 

Further information about the sorption behavior can 

be obtained from the course of the sorption isotherm. 

As shown in Fig. 8, different zones can be distinguished 

which allow conclusions about the binding state of the 

adsorbed water molecules. 

 

Fig. 8: Regions of moisture sorption isotherms [3,4] 

Most obviously, a sorption isotherm is divided in an 

adsorption and a desorption path which is either 

associated with an uptake of moisture from the 

surrounding and weight increase or with weight 

reduction due to moisture release.   

If a material is placed in an atmosphere with a relatively 

higher humidity, adsorption of water molecules takes 

place until the material is in equilibrium with the 

environment. Conversely, in surroundings with 

relatively lower humidity, moisture is released until the 

equilibrium state is reached. Depending on the 

characteristics of the adsorbent-adsorbate-system, 

binding of water molecules can take place either by 

chemisorption, physisorption or capillary 

condensation. 

In Zone A (Fig. 8) the adsorbed water is strongly bound 

to the material already at low partial vapor pressures. 

This requires a high affinity between the vapor 

molecules and the solid surface. Because of these 

strong binding forces, the water in this state has a 

higher enthalpy of vaporization than pure water. This 

part of water cannot be frozen out and is not available 

for chemical reactions or as a plasticizer. It is assumed 

that the adsorbed water molecules form a 
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monomolecular adsorption layer that completely 

covers the surface at the end of the zone.  

Regarding the shelf life of e.g. foodstuffs, the highest 

stability against microbial spoilage or biochemical 

degradation is usually obtained in the area of 

monolayer coverage.  

In Zone B multilayer formation is initiated, making 

these water molecules less firmly bound and thus 

available as solvents for low molecular weight 

components and for some biochemical reactions. 

Compared to free water, the freezing point is still 

lowered. Regarding desorption, dehydration of the 

water-filled capillaries takes place in zone B.  

In Zone C water is present in excess and the macro-

capillaries are completely filled with water. This water 

has almost the same properties as free water and is 

therefore available as a solvent and for (bio)chemical 

reactions. In particular, the microbiological stability of 

foodstuff is severely limited in this zone. [3] 

7. Hysteresis 

As schematically shown in Fig. 8, sorption and 

desorption curves may not coincide. This phenomenon 

is described as hysteresis, meaning that the process of 

moisture sorption may not be completely reversible. 

Reasons for hysteresis are mainly moisture-related 

changes of the material e.g. swelling or dissolution or 

capillary condensation in porous materials.  

For a general assessment of the extent of hysteresis, 

the percentage deviation between the moisture 

content during adsorption and desorption can be 

calculated using equation 3. 

 

Hysteresis (%)=
Mdesorp.- Msorption

Msorption
∙100 Eq. 3 

Msorption/desorption: Moisture content in equilibrium [%] during 

sorption or desorption 

If hysteresis occurs, the desorption curve, and thus the 

moisture content of the sample, is usually higher than 

the adsorption curve. However, at the same moisture 

content, the aw-value of the material is lower during 

desorption. As a result, for such materials it is not 

possible to predict the aw-value directly from a 

measured water content.  

However, for an estimation of stability and shelf-life 

the aw-value is crucial. Therefore, for such materials it 

is important to 

know the “history” 

of the material to 

judge whether 

desorption or 

sorption takes 

place. For example, 

the material may 

be in an unstable 

aw-value range if 

adsorption takes 

place, or it may be in 

a stable aw-value range during desorption at the same 

moisture content [Fig. 9].  

 

Similar to the classification of sorption isotherms, 

various hysteresis loops were categorized based on 

their shape by the IUPAC. Based on this classification 

six different hysteresis types can be distinguished 

which give information about the characteristics of the 

pore structure and the moisture sorption mechanism 

(Fig. 10). For more information see [1,5,6]. 

 

Fig. 10: IUPAC classification of hysteresis loops [1] 

Fig. 9: Effect of hysteresis on 

moisture content and aw-value 
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8. Examples of Sorption isotherms 

Some examples of sorption isotherms are given below. The shape of an isotherm is influenced by the interaction 

between water vapor molecules and the adsorbent as well as by the chemical and physical properties of the sorbents. 

The interpretation of those examples is based on the classification proposed by Gál [8]. 

Sorption of metallic powders 

Water vapor sorption on metallic materials involves a 

reaction between adsorbate and adsorbent named 

chemisorption.  Fig. 11 shows the sorption isotherm of 

water vapor on a metallic powder. Here, the chemical 

binding of the water molecules by the material leads to 

strong binding forces which makes moisture 

desorption irreversible and explains the residual 

moisture content at the end of the desorption path.  

Sorption isotherm with hydrate formation 

Fig. 12 shows a sorption isotherm that is characteristic 

when moisture adsorption leads to the formation of a 

stoichiometric hydrate. Typically, for such hydrates a 

step-like increase in weight can be observed when a 

material dependent relative humidity is exceeded. 

Afterwards, the plateau indicates the stable phase of 

the hydrate until dissolution takes place at higher 

humidity values. In the example of L-lysin HCL shown in 

Fig. 12, the hydrate state is maintained even during 

drying down to 0% RH. For a stoichiometric hydrate of 

known molecular weight, the sorption isotherm can be 

used to calculate the particular hydrate form based on 

the amount of moisture adsorbed [9,10]. 

Sorption without structural changes  

Fig. 13 shows a sorption isotherm of a molecular sieve. 

In this example a special case of surface adsorption 

takes place. Such a sorption process is also called 

"persorption" and can be observed in materials with 

capillaries of molecular size. This means that the 

material pores are only slightly larger than the water 

vapor molecules to be adsorbed, so that these can be 

bound in the pores. The moisture molecules are firmly 

bound even at low partial pressures, which explains the 

strong weight increase at the beginning. According to 

Gál [8], the following nearly constant sorption curve is 

attributed to the absence of larger capillaries. 

 

 

Fig. 11: Irreversible moisture sorption on metallic powder 

 

Fig. 12: Hydrate formation of L-lysine HCl 

 

Fig. 13: Sorption without structural changes. 
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Sorption with structural changes 

Fig. 14 shows the water vapor sorption on 

microcrystalline cellulose (MCC).  MCC is a hydrophilic 

material and the interaction with water leads to 

structural changes, mainly caused by swelling. A 

characteristic feature of moisture adsorption by 

swelling is that, unlike surface adsorption, the amount 

of moisture adsorbed does not correlate with the 

available surface area but can be significantly higher. 

The sorption isotherm in Fig. 14 shows type II behavior 

with hysteresis which is a result of the swelling of the 

material. [8] 

 

Sorption with capillary condensation 

Capillary condensation takes place in porous materials. 

When a certain moisture content is exceeded, the 

capillaries are filled with liquid. The concave meniscus 

of a liquid within a capillary leads to a reduced vapor 

pressure according to the Kelvin equation [Eq. 4]. 

As a result, condensation takes place at vapor 

pressures lower than the saturation vapor pressure. 

Furthermore, the evaporation tendency during 

desorption is reduced due to the higher interaction 

between H2O molecules on concave surfaces. [8] 

 

 

𝑝

𝑝0
= 𝑒−(

2∙𝛾∙𝑉𝑚
𝑟∙𝑅∙𝑇

) 

Eq. 4: Kelvin equation: Relationship 
between the radius of curvature of 
the meniscus and reduction of 
vapor pressure in pores  

 

 

Fig. 15 shows the sorption behavior of a silica gel as a 

representative for a porous, hydrophilic material 

whereas Fig. 16 shows the sorption/desorption 

behavior with capillary condensation on a hydrophobic 

porous material. 

Fig. 14: Sorption behavior of cellulose: Strongly polar 

sorbents with limited swelling 

 

Fig. 15: Silica gel: Sorption on hydrophilic surfaces with 

capillary condensation 

 

Fig. 16: Carbon black: Sorption on hydrophobic surfaces 

with capillary condensation 
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Sorption with dissolution 

In the case of water-soluble, crystalline materials, an 

equilibrium exists between solid, saturated solution 

and water vapor at a certain, temperature-dependent 

relative humidity. If this humidity is exceeded, the 

material goes into solution, and this critical relative 

humidity is also known as “Deliquescence point”. In the 

case of KCl (Fig. 17), this critical humidity for dissolution 

can be clearly determined by the strong increase in 

weight at a relative humidity of 85 %. 

 

Fig. 17: Dissolution of KCl: Deliquescence point clearly 

definable

 

Fig. 18 shows the sorption isotherm of sucrose. 

Deliquescence starts at a critical relative humidity of 

80 %. The desorption curve is characterized by a 

pronounced hysteresis loop which is attributed to 

delayed crystallization [8].  

 

 

 

 

Fig. 18: Sucrose: Dissolution and formation of a 

supersaturated solution. 
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