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For ease of interpretation, isotherm
s are often 

identified by Brunauer classifications (Brunauer, 
1945). M

ost food and pharm
aceutical products 

fall under type I, II, or III. Type I isotherm
s are 

typical of very hygroscopic m
aterials, Type II 

(sigm
oidal) isotherm

s are typical for 
interm

ediate m
oisture

As can be seen from
 these exam

ples, an isotherm
 

is not a single valued function but depends on 
the w

etting and drying history of the sam
ple. This 

phenom
enon is called hysteresis. 

It is possible to obtain isotherm
 data w

hich appear 
to show

 hysteresis by failing to allow
 a sam

ple to 
equilibrate at each step or by inducing changes 
in the w

ater binding properties of the m
atrix by 

w
etting or drying it. It is preferable to treat these 

cases separately, and reserve the term
 hysteresis 

for situations w
here equilibrium

 is obtained, but 
m

oisture contents of w
etted and dried sam

ples 
still differ because of their history.

Several plausible hysteresis m
odels exist for 

sam
ples w

et enough for w
ater to be held in the 

m
atrix by capillary forces. The “ink bottle” m

odel 
pictures a pore w

ith a narrow
 neck and a larger 

internal radius. Such a pore w
ould fill w

hen the 

w
ater activity corresponding to the energy state of 

the larger, internal radius w
as exceeded, but w

ould 
em

pty only w
hen the w

ater activity dropped below
 

the energy state of the neck radius. The m
oisture 

content of a drying process w
ould therefore alw

ays 
be greater than that for a w

etting process. Another 
m

odel relates to the contact angle of w
ater w

ith 
the surface during w

etting and drying. At low
er 

w
ater activities typical of interm

ediate and low
 

m
oisture foods these m

odels appear less relevant, 
but the observed hysteresis is sim

ilar to that seen 
at higher w

ater activity.

N
on-Equilibrium

If diffusion of w
ater into (adsorption) or out of 

(desorption) a m
aterial is slow

 and sufficient tim
e 

is not allow
ed for com

plete diffusion, there w
ill be 

a large am
ount of apparent hysteresis that could 

be reduced by allow
ing sam

ple equilibration. 

M
atrix Changes

Figure 4 show
s three different isotherm

 curves of 
spray-dried m

ilk pow
der w

ith different m
axim

um
 

w
ater activities and different sorption histories. 

The boundary isotherm
 w

ith a 0.80 a
w  m

axim
um

 
experienced a phase change at 0.43 a

w , 
indicated by a sharp inflection point in the curve. 
The desorption curve for this isotherm

 appears  
to show

 hysteresis, especially below
 a w

ater 
activity of 0.60. H

ow
ever, an isotherm

, run on a 
sam

ple w
etted to a m

axim
um

 w
ater activity  

below
 the phase change, exhibits very little 

hysteresis. The lack of hysteresis in this isotherm
 

indicates that the m
atrix changes that occur at 

0.43 a
w  are com

pletely responsible for the  
apparent hysteresis.

W
ater in a sam

ple is bound to particle surfaces 
by various bonding m

echanism
s. W

hen the 
configuration of particle surfaces changes due 
to a phase change, binding sites change and the 
am

ount of w
ater w

hich can be bound at a given 
energy of w

ater also changes. An isotherm
 curve 

of the phase changed sam
ple does not show

 
further phase transitions since sim

ply drying the 
sam

ple does not return it to an am
orphous state.
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 d
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 b
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e,

 
w

at
er

 a
ct

iv
ity

 u
su

al
ly

 in
cr

ea
se

s 
at

 a
 g

iv
en

 
m

oi
st

ur
e 

co
nt

en
t w

ith
 in

cr
ea

si
ng

 te
m

pe
ra

tu
re

. 
Th

es
e 

te
m

pe
ra

tu
re

 d
ep

en
de

nt
 c

ha
ng

es
 re

su
lt 

in
 c

ha
ng

es
 in

 th
e 

is
ot

he
rm

 s
ha

pe
 a

nd
 p

ro
vi

de
 

va
lu

ab
le

 in
fo

rm
at

io
n 

ab
ou

t a
 p

ro
du

ct
s 

re
sp

on
se

 
to

 te
m

pe
ra

tu
re

 fl
uc

tu
at

io
ns

. T
he

 e
ffe

ct
 o

f 
te

m
pe

ra
tu

re
 is

 u
ni

qu
e 

to
 e

ac
h 

pr
od

uc
t a

nd
 fo

llo
w

s 
th

e 
Cl

au
si

us
-C

la
pe

yr
on

 e
qu

at
io

n 
w

hi
ch

 is
:

(1
)

W
he

re
 a

W
2 a

nd
 a

W
1 a

re
 w

at
er

 a
ct

iv
iti

es
 a

t 
te

m
pe

ra
tu

re
s 

(K
) T

2 a
nd

 T
1, 

re
sp

ec
tiv

el
y;

 Δ
H

 is
 th

e 
he

at
 o

f s
or

pt
io

n 
in

 J/
m

ol
 (a

s 
a 

fu
nc

tio
n 

of
 m

oi
st

ur
e 



U
N
IV
ER
SIT
Y

A
p

p
licatio

n
 N

o
te

su
p

p
o

rt@
aq

u
alab

.co
m

5
0

9
-3

3
2

-5
6

0
1

w
w

w
.aq

u
alab

.co
m

5.	
G

orling, P. 1958. Fundm
entals aspects  

of the dehydration of foodstuffs. p. 42-53. 
Fundam

entals Aspects of the D
ehydration  

of Foodstuffs. Society of Chem
cial  

Industry, London. 

6.	
Shrestha, A.K., T. H

ow
es, B.P. Adhikari, and 

B.R. Bhandari. 2007. W
ater sorption and glass 

transition properties of spray dried lactose 
hydrolysed skim

 m
ilk pow

der. LW
T - Food 

Science and Technology 40:1593-1600. 

7.	
Xin Yu. 2007. Investigation of m

oisture sorption 
properties of food m

aterials using saturated 
salt solution and hum

idity generating 
techniques. Ph.D

. thesis, University of Illinois at 
Urbana-Cham

paign.

Printed in USA
©

2011-2012 D
ecagon D

evices, Inc.
13947-04

U
N
IV
ER
SIT
Y

A
p

p
licatio

n
 N

o
te

su
p

p
o

rt@
aq

u
alab

.co
m

5
0

9
-3

3
2

-5
6

0
1

w
w

w
.aq

u
alab

.co
m

content); and R equals 8.314 J m
ol -1 K

-1. The heat 
of sorption (ΔH

) is the only unknow
n and m

ust 
be determ

ined em
pirically by regression analysis. 

Plotting ln(a
W ) vs 1/T (K), the slope of the line 

is equal to ΔH
 /R. Once ΔH

 is know
n, the w

ater 
activity at any tem

perature can be determ
ined 

using equation 1.

M
easu

r
in

g M
o

istu
r

e S
o

r
ptio

n Iso
th

er
m

s

Constructing an isotherm
 consists of collecting 

w
ater activity and m

oisture content values over 
a range of w

ater activities. The range of w
ater 

activities used depends on the situation, but 
norm

ally is 0.10 a
w  up to 0.90 a

w .

Traditional D
esiccator M

ethod

In the traditional isotherm
 m

ethod, each point 
on the isotherm

 is determ
ined by equilibrating 

a sam
ple to a know

n w
ater activity and then 

determ
ining its equilibrium

 m
oisture content 

by w
eight. Typically, the sam

ple is placed in a 
sealed cham

ber over a saturated salt slurry in 
excess. D

ifferent w
ater activity levels are achieved 

by using different salts. Alternatively, varying 
concentrations of acid or glycerol solutions, 
m

echanical hum
idifiers, and  adjusted m

ixtures 
of w

et and dry air can be used. Equilibrium
 is 

reached w
hen the w

eight of the sam
ple stops 

changing. This equilibration process can take 
w

eeks. The tem
perature m

ust be tightly controlled 
during equilibration and steps m

ust be taken to 
prevent m

icrobial contam
ination at w

ater activities 
higher than 0.60.  

D
ynam

ic Vapor Sorption

The traditional m
ethod has been autom

ated by 
instrum

ents program
m

ed to autom
atically change 

the w
ater activity of a sam

ple in a dynam
ic, 

stepw
ise progression. These instrum

ents, often 
referred to as controlled atm

osphere balances, 
utilize the D

ynam
ic Vapor Sorption (DVS) m

ethod. 
The instrum

ent holds the sam
ple at one w

ater 
activity level until the sam

ple w
eight stops 

changing, m
easures the w

ater content by w
eight, 

and then dynam
ically m

oves to the next w
ater 

activity. Instrum
ent tem

perature is held constant. 
W

ater activity levels are usually controlled by 
m

ixing dry and w
et air. 

Autom
atic isotherm

 generators are m
uch faster 

and less labor intensive than traditional desiccator 
m

ethods. They also m
ake it possible to conduct 

sorption kinetic studies. H
ow

ever, like traditional 
dessicator m

ethods, DVS instrum
ents equilibrate 

the sam
ple to a know

n w
ater activity level. Since 

true equilibration betw
een the sam

ple and the 
vapor source requires an infinitely long period 
of tim

e, they m
easure apparent equilibrium

 at 
the point w

hen the change in sam
ple w

eight is 
negligibly sm

all. Increasing the tolerable w
eight 

change can speed up the isotherm
 process 

but calls into question the validity of the w
ater 

activity values. 

D
ynam

ic D
ew

point Isotherm
 M

ethod

The D
ynam

ic D
ew

point Isotherm
 (D

D
I) 

m
ethod directly m

easures w
ater activity w

hile 
gravim

etrically tracking w
eight, so there is no 

dependence on equilibration to know
n w

ater 
activity levels to determ

ine w
ater activity. 

Adsorption occurs as saturated w
et air is passed 

over the sam
ple. D

esorption is accom
plished as 

desiccated air is passed over the sam
ple. After 
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i p
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 p
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t c
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 c
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W
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ra
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see that the w
ater activity is 0.42 after 10 days, so 

10.8 days seem
s reasonable.

Finally, assum
e w

e did a test w
ith these sam

e 
m

aterials and conditions, but w
ith a different 

package (but sam
e surface area), and w

ant to 
know

 the conductance of this new
 packaging 

m
aterial. Assum

e that w
e observe a w

ater activity 
increase from

 0.1 to 0.32 over a 20 day period 
w

hen the package is placed in a environm
ental 

cham
ber at a hum

idity of 0.9 and a tem
perature 

of 40°C. The saturation vapor pressure of w
ater 

at 40°C is 7.4 kPa (Cam
pbell and N

orm
an, 1998). 

The tim
e constant is:

 To com
pute vapor conductance w

e use eq. 13:

 This new
 package m

aterial, under the conditions 
of the illustration above, w

ould increase shelf 
life by giving a tim

e constant of 154 days rather 
than 10.

Phase Changes and Critical W
ater Activities

W
hen high resolution isotherm

s are available, 
such as those produced using the D

D
I m

ethod, 
the shape of the isotherm

 can provide inform
ation 

about critical w
ater activities and phase 

transitions. Sharp inflection points in the isotherm
 

indicate phase transitions (equivalent to a glass 
transition) and can provide inform

ation about 
critical w

ater activities for m
aintaining textural 

properties and preventing caking and clum
ping 

(Figure 14). The exact inflection point in the 
curve, and hence the critical w

ater activity, can 
be determ

ined using second derivative curve 
sm

oothing strategies. Keep in m
ind that if data 

resolution of the isotherm
 is low, these inflection 

points cannot be identified. If the w
ater activity of 

a product m
oves above the critical w

ater activity 
for phase transition, the stability of the product w

ill 

decrease as tim
e dependent processes such as 

caking and crystallization speed up significantly.
 Increasing tem

perature w
ill cause the critical 

w
ater activity to go dow

n and can also result in 
loss of stability w

ith no change in w
ater activity. 

D
eterm

ining phase transitions using isotherm
s is 

sim
ilar to determ

ining glass transition tem
perature 

(Tg) w
ith D

ifferential Scanning Calorim
etry (D

SC), 
except instead of holding w

ater activity constant 
and scanning tem

perature, the isotherm
 analysis 

holds tem
perature constant and scans w

ater 
activity (Figure 15). Consequently, the tem

perature 
of the isotherm

 w
hen the critical w

ater activity is 
determ

ined should be sim
ilar to the Tg determ

ined 
using D

SC analysis for a sam
ple at the critical 

w
ater activity. 
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solids, k
b  is a constant in the range of 0.70 to 1 

and c is a constant in the range of 1 to 2000. In 
addition, m

o  is the m
onolayer m

oisture content in 
the sam

e units as m
 and a

w  is the w
ater activity at 

m
oisture m

:

D
LP                                         		

                     (4)

W
here m

 is the m
oisture in g/100 solids or 

g/g solids, χ = ln[-ln(a
w )] and b

0  – b
3  are 

em
pirical constants. 

U
ses F

o
r M

o
istu

r
e S

o
r

ptio
n Iso

th
er

m
s

M
oisture sorption isotherm

s are an im
portant 

tool w
hen form

ulating food to achieve specific 
qualities and attributes (Bell and Labuza, 2000). 
D

espite their value, traditional isotherm
s have 

been lim
ited by their low

 resolution. The high-
resolution D

D
I m

ethod has opened up new
 and 

pow
erful possibilities. H

igh resolution isotherm
s 

can reveal phase transition points—
w

ater activities 
at w

hich products cake and clum
p, deliquesce, 

or go through glass transition.  They can also 
be very helpful in m

aking shelf life calculations, 
developing m

ixing m
odels, m

odeling tem
perature 

abuse, determ
ining the integrity of a protective 

coating or layer, determ
ining m

onolayer values, 
and m

aking accurate packaging calculations. 

D
rying and W

etting Curve

For a m
anufacturer drying a product, the sorption 

isotherm
 can be used to assist in process control 

by determ
ining drying rates and optim

al endpoints.  

The isotherm
 w

ill also show
 w

hether a product 
exhibits hysteresis and w

hat im
pact that w

ill have 
on w

ater activity after drying to a given m
oisture 

content. In a hysteretic sam
ple the m

oisture 
content w

ill be higher at a given w
ater activity 

 for desorption than adsorption. The practical 
im

pact of hysteresis is that a m
oisture content 

that is safe w
hen drying a sam

ple because it 
corresponds to a safe w

ater activity (0.6 a
w  or 

below
) m

ay not be safe during adsorption because  
it corresponds to a higher w

ater activity level. 
(above 0.70 a

w ) (Figure 8). 

One of the practical im
pacts of hysteresis occurs 

w
hen a product is dried to a safe w

ater activity 
level and then exposed to hum

id conditions 
during storage. The im

pact of these events can 
be predicted. A w

orking isotherm
 represents the 

drying and w
etting characteristics of a product 

from
 its native state and is a scanning curve that 

connects the adsorption and desorption curves. 
It m

ost correctly describes the changes 
experienced by a product w

hen it w
ets or dries 

from
 its native state.

M
oisture Content Prediction

An additional function of the isotherm
 is m

oisture 
content prediction. Since both w

ater activity 
and m

oisture content are needed in certain 
situations, it is advantageous to m

easure both 
sim

ultaneously. In addition, m
oisture content 

m
easurem

ents can be inaccurate, tim
e-consum

ing 
and require expensive instrum

entation. As an 
alternative to m

oisture content m
easurem

ent 
m

ethods, the sorption isotherm
 can be used 

to determ
ine m

oisture content based on w
ater 

activity, usually w
ith better repeatability than 

actually running a m
oisture content analysis and 

in m
uch less tim

e. This requires determ
ination 

of a product’s isotherm
, characterization of the 

isotherm
 by a m

odel or equation, and then 
loading that m

odel into a specialized w
ater 

activity instrum
ent (see D

ecagon’s AquaLab  
Series 4TE D

UO).
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 c
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 d
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 d
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final chi value to be 0.93, giving a final w
ater 

activity of 

Using eq. 8 and the α and β values for the 
com

ponents, w
e can now

 com
pute the final 

m
oisture contents of the com

ponents, as show
n 

in the last colum
n of the table. It m

ay appear 
counterintuitive that the m

oisture content of both 
the crèm

e and cake increased, w
hile the m

oisture 
content of the icing decreased, in spite of the fact 
the icing w

as initially at a m
uch low

er m
oisture 

content that the crèm
e and cake  This should 

underline the concept that it is w
ater activity, 

not m
oisture content that equilibrates betw

een 
com

ponents. 

Three final com
m

ents should be m
ade w

ith 
respect to calculating w

ater activity of m
ixtures. 

First, w
e have used a linear approxim

ation to the 
chi plot for the isotherm

. That w
orks w

ell in m
ost 

situations w
here w

ater activity is not changing 
over a broad range, and gives nice, closed form

 
equations for com

puting w
ater activity. There is no 

problem
, how

ever, w
ith using the full D

LP isotherm
 

equation to do these calculations. The equations 
are just m

essier and the solutions harder to 
obtain. The second point is that hysteresis could 
be an issue w

ith these calculations unless you 
use the correct isotherm

. Since som
e com

ponents 
are increasing in m

oisture content and som
e 

decreasing, a w
orking isotherm

 is probably 
the best approxim

ation. Finally, all of these 
calculations assum

e that the isotherm
 equation 

does not change w
ith w

etting or drying. If one of 
the ingredients undergoes a phase change during 
equilibration, its isotherm

 equation w
ill change. 

Obviously the m
ethod w

ould have problem
s if this 

w
ere not taken into account.

Shelf Life D
eterm

ination

Sorption isotherm
s are valuable for shelf life 

prediction. They can be used to determ
ine a 

food’s m
onolayer m

oisture content and the 
corresponding w

ater activity, w
hich represents 

its m
ost stable state. The m

onolayer value is 
determ

ined by m
odeling isotherm

 data using the 
G

AB or BET equations. It is usually the m
oisture 

content around 0.2-0.3 a
W . An increase in w

ater 
activity of 0.1 above the m

onolayer value w
ill 

result in a decrease of shelf life by tw
o to three 

tim
es (Bell and Labuza, 2000).

Packaging Calculations

A product’s isotherm
 can also be used to 

determ
ine package requirem

ents depending 
on the products sensitivity to m

oisture and the 
type of conditions it m

ay be exposed to (Bell and 
Labuza, 2000). If w

e assum
e the product and the 

environm
ent are at the sam

e tem
perature, and 

that the perm
eability of the package is low

 
enough so that changes in w

ater activity are 
uniform

 over the entire product inside the 
package, then the w

ater activity of the product 
can be predicted from

:

 					






      (10)

W
here h

a  is the hum
idity of the air, a

w
o  is the initial 

w
ater activity of the sam

ple, t is the tim
e in the 

package, and the tim
e constant, τ, is given by 

					






      (11)

Ingredient
α

β
φ

 i
*Initial 
%

m
.c

Initial 
aw

*Final 
%

m
.c

Icing
2.87

2.68
0.2

7
0.80

5.4
C
rem

e
0.47

11.67
0.2

12
0.61

12.1
C
ake

9.82
6.36

0.6
15

0.66
15.5

Table 1. Values needed for snack cake inredients m
ixing problem

. 
*M

oisture content is w
et basis

Ave m
c

Final chi
Final a

w

12.8
0.93

0.67
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D
ry Ingredient M

ixing 

It is possible, using the isotherm
s of the 

com
ponents, to determ

ine the final w
ater activity 

of a m
ixture of ingredients w

ithout actually m
aking 

the product. This w
orks best by transform

ing the 
isotherm

 to a chi plot (chi being –ln[-ln(a
w )]) as 

show
n in Fig. 12. The isotherm

 can then generally 
be fit by one or m

ore straight lines. Figure 12 has 
som

e of the data from
 Fig. 11 for the snack cake 

ingredients. The x axis now
 is the chi variable. 

The y axis is the w
et basis m

oisture content. The 
conversion from

 dry basis to w
et basis is:

                                                                               (6)

W
here w

 is m
ass of w

ater divided by total product 
(w

ater plus dry) m
ass, and m

 is m
ass of w

ater 
divided by dry m

ass. 

The conversion to w
et basis m

oisture content 
m

akes the m
ixture calculations m

ore convenient. 
The w

et basis m
oisture content of a m

ixture is:
  			




                                                                     (7)

W
here φ

 i  is the m
ass fraction of com

ponent i 
(the w

et m
ass of the com

ponent divided by the 
total m

ass of the m
ixture) and w

i  is the w
et basis 

m
oisture content of the com

ponent.

W
ithin the range of w

ater activity for w
hich the chi 

plot is a straight line the isotherm
 is described by:

 				





					






        (8)

W
here α and β are the slope and intercept of the 

chi plot. 

As long as w
ater is not gained or lost by the 

m
ixture, equation 7 gives the average m

oisture 
content at the tim

e of m
ixing and also after 

equilibration has occurred am
ong com

ponents. At 
equilibration, the w

ater activity, and therefore the 
chi value of all com

ponents is equal, so eqs. 7 and 
8 can be com

bined to find that chi value:
 				





					







        (9)

W
here the average m

oisture content is com
puted 

from
 the initial values and eq. 7. Once the chi 

value is know
n eq. 8 can be used to find the final 

m
oisture contents of the individual constituents.

 Table 1 show
s values of α and β from

 Fig. 12 for 
the snack cake com

ponents. To illustrate how
 

these values can be used, assum
e w

e w
ant to 

know
 the w

ater activity of a m
ixture of 60%

 cake, 
20%

 crèm
e filling, and 20%

 chocolate icing. The 
starting m

oisture contents and their corresponding 
w

ater activities are show
n in the table. Using eq. 7 

w
e com

pute that the average m
oisture content for 

the m
ix is 12.8%

. Using eq. 9 w
e com

pute the 


