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Equilibrium moisture content (EMC) plays a fundamental role on the properties of
bioderived solids such as food, waste biomass, seeds, and many others. For foods, the
moisture content affects flavor, texture, and the way the food is stored. In other appli-
cations, moisture affects drying conditions and energy requirements for biomass proc-
essing. Adequate modeling of EMC in biomass as a function of the water activity is
very important in many engineering applications. Most models used to correlate EMC
with water activity are based on traditional adsorption models which take into account
the adsorption energy of water with the substrate only and do not consider other non-
adsorption interactions of water within the substrate such as mixing and swelling
effects. Many other models are empirical, which are commonly used for interpolation.
Although a detailed description of this type of substrate is very complex, we present a
simple model based on standard molecular-thermodynamic models and standard statis-
tical mechanics formulations to correlate the EMC with water activity that attempts to
consider both adsorption and nonadsorption interactions of the water with the sub-
strate. Although the model is basic, it captures the behavior of water in this type of
systems fairly well and it can be used to fit experimental data with parameters that
provide better physical insight on the nature of system. We suggest how to improve the
model fundamentally if better knowledge of the water interactions in the substrate are
available. VVC 2009 American Institute of Chemical Engineers AIChE J, 55: 1595–1603, 2009
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Introduction

Moisture plays a fundamental role on the properties and
behavior of any biologically derived material, in general.
Understanding the moisture interaction and equilibrium prop-
erties is of great interest for a variety of industrial processes.
In the food industry, moisture affects flavor, handling, shelv-
ing, and stability of the products to pathogens. By control-
ling the moisture in the product, many quality characteristics
are maintained and the life of the product is preserved. For
example, many legumes are soaked in water to prepare them
for market distribution and in cases such as chickpeas to

gelatinize the starch in the grain.1 Other examples in which
moisture control is of significance include the production of
skimmed milk powder, whey powder, and yoghurt powder.
Other applications, besides foods, include municipal waste
sludge conditioning, wood drying, and biomass conversion
to energy among many others. In these, understanding equi-
librium moisture content helps determining energy demands
for conditioning and design of drying systems as well as
defining the lower and upper limits of moisture for handling
and processing in general.

There have been extensive efforts, both experimental and
theoretical, to more clearly understand moisture effects.
Understanding the moisture contents is important to design
and control the operations and final quality of the products.
From the modeling standpoint, the efforts have focused on
using traditional adsorption models (and their modifications),
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which are based on one or more adsorption layers, where the
adsorbate and adsorbent interact only through one or more
adsorption energies. Other types of interactions such as van
der Waals type or swelling phenomena are usually not
taken into account. Most models are versions of the Bruna-
uer-Emmett-Teller (BET) equation2 and the Guggenheim-
Anderson-de Boer (GAB) equation.3–5 Both of the these are
derived using both kinetics and statistical mechanics argu-
ments. The main difference between these two models is
that in the BET model, the adsorbed molecules in the first
layer are characterized by a specific potential energy and
the molecules in the subsequent layers are characterized by
the potential energy of the pure adsorbate. On the other
hand, the GAB equation allows for a number of layers
between the first and the bulk to have a different potential
energy (see Theoretical Background section for more
details). Biomass such as food and municipal waste sludge
consist of complex and highly heterogeneous biopolymer
networks with a high water content. The water energetic
interactions in these materials vary substantially with the
nature of the biomass, but include many other effects
besides adsorption, including hydrogen bonding, intracellu-
lar water, and attractive–repulsive interactions product of
mixing among others.

In this work, we present a simple model to describe EMC
with water activity in biomass that takes into account both
adsorption and nonadsorption phenomena. For nonadsorption
interactions, the model incorporates the basic effects of poly-
mer mixing and swelling; and for adsorption interactions, the
models distinguishes between bonded and nonbonded water.
The model is a first attempt to incorporate other effects
besides adsorption on the equilibrium behavior of water in
these biomass materials. We suggest ways to incorporate
more details in the model based on the knowledge available
of the biopolymer network. The model captures well the
behavior of water adsorption isotherms type II and III typi-
cally found in this type of biomass experimentally. For fit-
ting purposes, the model does using two adjustable parame-
ters to describe adsorption and two additonal paramters to
describe mixing and swelling interactions. The model is a
good start to incorporate additional water–biomass interac-
tions besides adsorption. The model behaves well with
appropriate parameters with substantial possibilities for
improving the model fundamentally.

Theoretical Background

The literature on adsorption phenomena is vast and by no
means this is an account of the work performed in this area.
Here, we briefly describe some common models used to
model and fit equilibrium moisture content data as a function
of relative humidity or water sorption isotherms data, in gen-
eral. One of the most common early models used for this
purpose (with many modified versions available) is the Bru-
nauer, Emmett, and Teller equation (BET equation).2 In this
model, the water is adsorbed with two characteristic molecu-
lar potential energies, namely, ea for bonded water and ef for
nonbonded water. In the original version of model is also
assumed that there is no limit on the number of layers that
molecules can build upon. Letting x be the water adsorbed

and r the adsorbing capacity available, the BET equation is
given by:

x
r
¼ caw

ð1� awÞð1� aw þ cawÞ ; (1)

where aw is the water activity and c is a constant defined as

c ¼ a1b2
a2b1

exp ðef � eaÞ=RT
� �

:

The constants ai and bi are related to rate constants for
adsorption and desorption in the first and second layers.4 For
the case of restricting the number of adsorption layers n, the
BET equation becomes:

x
r
¼ caw

1� aw

ð1� ðnþ 1Þanw þ nanþ1
w

1� aw þ caw � canþ1
w

� �
: (2)

Brunauer et al.6 proposed a generalized version of the equation
to include the different types of isotherms which is of the
form:

x
r
¼ caw

1� aw

� ð1� ðng=2� nÞan�1
w � ðng� nþ 1Þanw þ nganþ1

w =2

1þ ðc� 1Þaw þ ðcg=2� cÞanw � canþ1
w =2

� �
;

(3)

where g ¼ exp[(ef � en)/RT] and en is the average molecular
potential energy of the n-th and final layer.

A popular modification to the BET model is the Guggen-
heim-Anderson-deBoer (GAB) equation.3–5 In this approach,
an extra adsorption potential energy parameter is used to
characterize the molecules adsorbed in the second to about
the nineth layer. In the original formulation, this new energy
parameter is defined as e2 to 9 ¼ ef þ d, where d is added to
ea as well. The consequence of this modification for the
BET equation can be summarized as a modification of the
activity of the solvent or sorbate by a factor f ¼ exp(d/RT);
therefore, aw in the BET formulation is replaced by aGABw ¼
faBETw to obtain the GAB equation. This modification has
shown to be very successful in overcoming many of the lim-
itations of the original BET model in fitting and modeling
adsorption isotherms.

There are many other models reported in the literature for
fitting equilibrium moisture data, but most tend to be semi-
and empirical modifications of the BET and GAB models.
Table 1 shows some typical equations used to fit equilibrium
moisture content data as a function water activity. In general,
most of these are modifications of models developed to
study the adsorption of gases on hard surfaces without taking
into account other potential significant phenomena such as
polymer swelling and mixing characteristic of softer materi-
als. Many of the applications in which EMC data are used
deals with handling and characterization of softer substrates
such as food and similar (biomass) in which the water activ-
ity can affect significantly the swelling and mixing of the
biomass and therefore it should be taking into account when
modeling the water equilibrium characteristics.
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Model Description

The biomass systems of interest can be described as being
composed of an air–water gas phase interacting with a
water-biomass phase mixture (i.e., solid-liquid mixture). Our
interest is to determine and model the water in thermody-
namic equilibrium between these two main phases. The
water in equilibrium in the biomass phase for a given set of
conditions of relative humidity, temperature, and pressure is
defined as the equilibrium moisture content (EMC). The
main challenge consists of determining how the water activ-
ity in the biomass phase (i.e., the solid–liquid mixture) gets
affected by the biomass nature. For complex biomass mix-
tures such as municipal sludge and foods, the water activity
gets dependant on many factors including ionic conditions,
pH, surface tension, and adsorption energies among others.
In this work, we propose a simple model for the biomass
phase as a first attempt to include other effects in addition to
adsorption phenomena. We model the biomass as being
composed of two phases with water in thermodynamic equi-
librium with each other and in equilibrium with the air-water
phase. The first biomass phase consists of water adsorbed in
the biopolymer network characterized by an average molecu-
lar potential energy ea (bonded water or water adsorbed
phase, also denoted in this work as the a-phase). The water
in this phase bonds strongly to the network through adsorp-
tion mechanisms, intracellular water, and similar. The bio-
mass second phase consists of water still in the biomass
phase, but it is absorbed in a more freely manner (relatively
free water compared with the adsorbed phase or a-phase).
This water is characterized by an average molecular poten-
tial energy ef and it could described as free water (also
denoted as the f-phase in this work). In the later phase, the
water activity is mostly affected by surface tension effects,
swelling and mixing of the biomass network, and interac-
tions with the water in the adsorbed phase. The proposed
model consists of defining appropriate expressions for the
Helmholtz free energy and chemical potential of the water in
the different phases aforementioned and then using thermo-
dynamic equilibrium conditions to determine the EMC in the
biomass phase as function of the relative humidity (water
activity).

Helmholtz free energy

The dimensionless Helmholtz free energy of a given phase
is defined as

~A ¼ � lnQ; (4)

where Q is the canonical partition function of the phase (the
Helmholtz free energy and similar become dimensionless by
dividing by kBT on a molecular basis or by RT on a mol basis,
where kB is the Boltzmann constant, R the ideal gas constant,
and T the absolute temperature). We consider the water
between the phases within the biomass (bonded water and
nonbonded water) to be in thermodynamic equilibrium with
each other and in equilibrium with the air–water gas mixture.
To derive the partition function of the adsorbed phase (i.e., a-
phase), we follow the approach by Hill10 for multimolecular
adsorption on a surface. Defining h as the water adsorbed in
the biomass phase with molecular potential energy ea and a the
water adsorbed also in the biomass phase with average
molecular potential energy ef such that x ¼ a þ h, then the
partition function Qa for the water adsorbed phase is then
defined as

Qa ¼ r
h

� �
ðqaÞh ¼ r!

h!ðr� hÞ! ðqaÞ
h; (5)

where qa is the partition function for an adsorbed water
molecule and r

h

� �
is the binomial coefficient (notice that h � r)

representing the number of ways that h identical molecules can
be distributed among the adsorbing sites characterized by r.
The partition function for a water molecule in this adsorbed
phase is defined as the product of partition functions, namely,
(a) a harmonic oscillator and (b) the rest of the internal degrees
of freedom such that (assuming the Hamiltonians are additive)

qa ¼ kBT

hma

	 
3
expðbeaÞ � qint; (6)

where h is the Planck’s constant, ma the characteristic vibration
frequency, and qint corresponds the partition function all the
internal degrees of freedom of the molecule.

For the nonbonded water adsorbed phase (i.e., f-phase),
the partition function Qf is defined as

Qf ¼ x� 1

h

	 

ðqf Þa ¼ ðx� 1Þ!

h!ða� 1Þ! ðqf Þ
a; (7)

where x�1
h

� �
is the binomial coefficient representing the

number of ways the remainder water a can be distributed with
repetition on the upper layers of the adsorbed-phase. Similarly,
the individual partition function qf is defined as

qf ¼ kBT

hmf

	 
3

expðbef Þ � qint; (8)

where mf the characteristic vibration frequency and ef is
the molecular potential energy characterizing the water in the
f-phase.

Applying the definition of the Helmholtz free energy
given by Eq. 4 and using the Stirling’s approximation11 to

Table 1. Typical Models Used to Fit Equilibrium Moisture
Data as Function of Water Activity in Substrates Such as

Waste-Water Activated Sludge and Food Products

Source Model

Chung Pfost7
x ¼ �1

c1
ln � lnðawÞ T þ c2

c3

� �

Modified Halsey8 x ¼ � expðc1 þ c2TÞ
lnðawÞ

� �1=c3

Oswin7 x ¼ ðc1 þ c2TÞ aw
1� aw

� �c3þc4T

Thompson9 x ¼ � lnð1� awÞ
c1ðT þ c2Þ

� �1=c3

There are significantly more models available in the literature, but most of
them are some type of modification of the BET and GAB equations (to best
of knowledge). The vectors ci are constants regressed using experimental
data.
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estimate the logarithms of large numbers, the following
expressions for the Helmholtz free energies of the a and f
phases are obtained (also notice that a � 1 and h � 1):

~AðaÞ ¼ ðr� hÞ lnðr� hÞ þ h ln h� r ln r� h ln qa (9)

and

~Aðf Þ ¼ h ln hþ a ln a� ðaþ hÞ lnðaþ hÞ � a ln qf : (10)

The free energy of the water in the biomass phase can also be
defined as the free energy of the pure water plus the excess
contributions with respect to pure water due to mixing of the
nonbonded water with the biomass, swelling of the biomass
networks, and the excess due to the adsorption of the bonded
water. There are additional effects that can be taken into
account such as surface tension, pH, and ionic strength among
others, but in this formulation, these are not taking into
account explicitly. We expect that the adjustable parameters in
the model will capture some of these contributions although
this will affect the actual physical interpretation of the
adjustable parameters. Within this framework, the free energy
of the water in the f-phase is defined as

~Aðf Þ ¼ ~Ao
w þ D ~Amix þ D ~Aswl þ D ~Aads; (11)

where ~Ao
w is the free energy of the pure water, D ~Amix is the

excess due to mixing, D ~Aswl the excess due to swelling of the
biomass network, and D ~Aads the excess due to adsorption of
water in the a-phase (energy parameter ea).

We use the Flory-Huggins lattice theory12–14 to formulate
the free energy of mixing of the water in the biomass net-
work. We realize that this is a substantial simplification
given the biomass nature typical of municipal sludge or food
is highly nonideal and heterogeneous, but as mentioned in
the introduction, we want first to propose a simple model
that captures some elements of the nature of the network
and elements of the adsorption phenomena with few adjusta-
ble but meaningful parameters. Modifications to the Flory-
Huggins theory such as the extended Flory-Huggins14 and
the use of other frameworks that take into the account the
random nature of the network could be consider to improve
the model. Within the traditional Flory-Huggins framework,
the Helmholtz energy of mixing is giving by

D ~Amix ¼ nw lnð1� /pÞ þ np ln/p þ nw/pv; (12)

where nw is the number of molecules of water, np the number
of polymer molecules, /p is the volume fraction of polymer,
and v is the Flory-Huggins segmental interaction parameter.
Within our framework, np represents the amount of dried
biomass and the biomass volume fraction is given by

/p ¼
npvpw

xþ npvpw
; (13)

where vpw is the ratio of an average specific volume of the
biomass with respect to the specific volume of water. In the
Flory-Huggins framework, the polymer volume fraction is
defined in terms of the fraction of lattice points ocuppied by
the polymer.

For the swelling excess Helmholtz free energy, there is
more than one option to consider. A classical approach
would be to use the Flory-Rehner theory14–18 such that

D ~Aswl ¼ np
3

2
ðd2 � 1Þ � ln d3

� �
þ n ln d3; (14)

where d is the expansion factor, np is the total number of
chains, and n is the cycle rank. For a perfect network,18 n can
be defined in terms of the functionality of the network as

n
np

¼ 1� 2

W
; (15)

where W is the functionality of the network. In Eq. (14), the
squared bracket term represents the energy change due to the
affine deformation of polymer network in a lattice, and
the second term the free energy change of the joining points in
the network. For biomass type of substrates this model is not
realistic, but we use it as a generic form. It is possible to
consider different types of deformation within this framework
by redefining the expansion factor d.17 For a affine deforma-
tion, the expansion factor is a function of the volume fraction
of the polymer and it is defined as:

d ¼ /0

/p

 !1=3
; (16)

where /0 is the volume fraction of polymer in the reference
state.

Equation 14, as a generic form to model swelling excess
free energy, has the disadvantage that the model is only ap-
plicable to networks that expand only and it is defined
within the context of a lattice. In other words, d [1 and
therefore such model will not be able to capture any poten-
tial volume-change transitions or volume contractions, which
requires d to be smaller than unity. For biomass it might be
useful to consider a model capable of capturing volume-
change effects. In the spirit of the Flory-Rehner theory, we
take into account two contributions to the swelling contribu-
tion, namely, network deformation (volumetric expansion
and contraction) and joining junction points. We assume that
these two contributions are additive in a polynomial form
that is a function of a volumetric parameter characteristic of
the biomass (the choice of the polynomial form is arbitrary).
We choose vpw as such parameter and we keep it adjustable
due to the difficulty of characterizing it accurately in a com-
plex media such as biomass. Therefore, the swelling contri-
bution is of the form

D ~Aswl ¼ Cv2pw þ fvpw; (17)

where C is a function characterizing the network deformation
and f a function characterizing the junction points. For C, we
use an expression proposed by Grosberg and Kuznetsov19 for
elastic free energy change in polymers of the from k[d�2 þ
d2], where k is a constant. This expression does not have the
limitations of the first term in Eq. (14) on the values of the
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expansion factor (i.e., d can be \1). For f, we use the same
function provided by the Flory-Rehner theory [see Eq. (14)].
Therefore, the expression for the swelling contribution
becomes

D ~Aswl ¼ 3

2
v2pw d2 þ d�2 � 2
� �þ vpw ln d3: (18)

Chemical potential and equilibrium expressions

The chemical potential for water in each of the phases is
obtained by differentiating the Helmholtz free energy expres-
sions with respect to the number of water molecules at
constant np, T, and V. For the a-phase, we take the partial
derivative with respect to h to obtain:

~lðaÞ ¼ � ln r=h� 1ð Þ � ln qa; (19)

and for the f-phase, we take the partial derivative with respect
to a producing:

~lðf Þ ¼ � ln 1þ h=að Þ � ln qf : (20)

Notice that qf includes the molecular potential energy pa-
rameter ef of water molecules in equilibrium in the f-phase.
The value of this parameter is affected by the adsorption of
water in the a-phase, the mixing of water in the biomass net-
work, and the swelling of the biomass structure. One can
obtain a similar expression for the case of not having the
mixing and swelling contributions in the chemical potential
and assuming that the molecular potential energy parameter
in the f-phase is that of pure water denoted by eof . For this
case, the chemical potential becomes

~lðf Þo ¼ � ln 1þ h=að Þ � ln qof ; (21)

where qof is characterized by the molecular potential energy
parameter eof . The first term in Eqs. (20) and (21) represents
the contribution to the chemical potential of the water in the f-
phase due to adsorption of water in the a-phase and the second
term in Eq. (21) represents the chemical of the pure water
defined by

~low ¼ � ln qof ¼ ~ligw þ ln½PsatðTÞ� � lnP; (22)

where ~ligw is the dimensionless chemical potential of water in
the ideal gas state, Psat(T) is the vapor pressure of pure water,
and P the pressure of the system.

The chemical potential of water in the f-phase can be
also obtained by replacing �ln qf in Eq. (20) by the mixing
and swelling contributions to the chemical potential.
We use Eq. (18) to obtain the swelling contribution and
Eq. (12) to obtain the mixing contribution producing the
expressions

D~lswl ¼
vpw
np

/0

/p

/0

	 
1=3

� /p

/0

	 
5=3
" #

þ /p

np
(23)

and

D~lmix ¼ lnð1� /pÞ þ /p þ v/2
p; (24)

respectively.
The biomass volumetric fraction is less than unity and

assuming that the term /p/np is small such that (1 þ 1/np)/p

� /p [notice that this term shows up by adding Eqs. (23)
and (24)], then Eq. (23) can be simplified further to

D~lswl ¼ vpw/0

/p

/0

	 
1=3

� /p

/0

	 
5=3
" #

: (25)

For fitting purposes, if the term /p/np is not small, we expect
that the adjustable parameter vpw will take into account its
contribution. The expression for the biomass volumetric
fraction can be rearranged as

/p ¼
vpw

x=np þ vpw
; (26)

and for practical purposes, we take a basis of np when
regressing the adjustable parameters of the model using
experimental data. By inspection of Eq. (20), the contribution
to the chemical potential of the water in the f-phase due to
water adsorption is given by

D~lads ¼ � lnð1þ h=aÞ: (27)

The complete expression for ~lðf Þ becomes

~lðf Þ ¼ ~low � lnð1þ h=aÞ þ DFð�Þ; (28)

where

DFð� Þ ¼ D~lmix þ D~lswl; (29)

with D~lmix and D~lswl given by Eq. (24) and Eq. (25),
respectively.

At equilibrium, the chemical potential of water in the gas
mixture, the a-phase, and the f-phase has to be equal. From
these equilibrium conditions, by equating Eq. (28) with Eq.
(19), the following equilibrium relationship is obtained

hðaþ hÞ exp D~e½ � ¼ aðr� hÞ exp DFð�Þ� �
: (30)

where D~e ¼ b(eof � ea), which is an adjustable parameter in
this model.

The chemical potential of the water in the gas phase is
estimated as

~lðgÞw ¼ ~ligw þ lnðûv
wÞ þ lnðywÞ; (31)

where ûv
w is the fugacity coefficient for the water in the gas

phase, which for low pressures can be assumed to have the
value of unity and yw is the water mole fraction in the gas
mixture. Equating Eq. (28) with Eq. (31) produces

ðaþ hÞHr ¼ a exp DFð�Þ� �
; (32)
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where Hr is the relative humidity defined as

Hr ¼ ywP

PsatðTÞ : (33)

Equations (30) and (32) determine, for a given temperature,
the equilibrium moisture content (i.e., a þ h ¼ x) as a function
of the water activity in the gas phase defined here as the
relative humidity (design variable in laboratory setups). Notice
that, these equations have to be solved simultaneously with a
given set of parameters to obtain a and h, which added equals
to the EMC. To obtain the parameters from experimental data,
an appropriate objective function has to optimized. A typical
one would be to minimize the least-squares sum of the
residuals between experimental measurements and predicted
values of the EMC. There are many optimization methods that
can be used, but the Marquardt–Levenger algorithm20 seems to
be reasonable for the examples presented in this work.

Results and Discussion

We apply the model to water sorption in two systems: (a)
methyl cellulose and (b) municipal waste biosolids (sludge).
For the first case, there is experimental data available includ-
ing measurements of bonded and nonbonded water (some-
times called free water). Also, the system has been modeled
using both the BET and GAB equations. The second system
is quite different in nature in the sense that is highly hetero-
geneous and complex. Other systems such as natural and
processed foods also present similar characteristics to waste
biosolids in terms of the behavior of EMC as a function of
the water activity. Therefore, we expect that this model will
work well in food engineering applications as well. In gen-
eral, water sorption isotherms in biomass type of materials
tend to be type II typical of adsorption on macroporous
adsorbents with strong interactions between the water and

the biopolymer network. The bound water isotherm tend to
be Langmuir type typical of microporous adsorbents or
stronger adsorption energies.

Water-methyl cellulose

Herrera-Gómez et al.21 provide experimental data and fit-
ting parameters for both the BET and GAB models. Figure 1
shows a sorption isotherm for this system at 25�C, including
both the total water adsorbed and bound water. We observe
that the BET equation does poorly above relative humidities
of 0.6 (which is expected) and the GAB model performs
well modeling both the total and bound water for the full
range. Our model (solid lines) also performs well. It seems
that the fit of the total water by our model is better than
GABs and the prediction for the bound water seems reasona-
ble, although better with the GAB equation. Notice though
that the bound water for our model is predictive; in other
words, the experimental data reported for bound water was
not used to regress the parameters of the model. Table 2
shows the parameter values regressed using the data reported
by Herrera-Gómez et al.21 Notice that the excess exchange
parameter for adsorption (D~e) has a reasonable value and it
is close to the heat of solidification of water in magnitude.
For the Flory-Huggins v parameter, it is also reasonable and
typical of a polymer structure in poor solvent conditions,

Figure 1. Water sorption isotherm for methyl cellulose
films at 25�C.
Experimental data reported by Herrera-Gómez et al.21

(circles and diamonds).

Table 2. Parameters Obtained for the Equilibrium Model
Described by Eqs. 30 and 32

Case Study r D~e v vpw

Methyl cellulose 0.038 �1.962 1.633 0.049
Municipal Sludge 0.044 �3.362 1.690 0.104

For the methyl cellulose case, the experimental data used to obtain the
parameters are from Herrera-Gómez et al.21 and, for the case of municipal
activated sludge, the experimental data used are from Vaxelaire.7

Figure 2. Contributions to the water chemical potential
in the f-phase for the methyl cellulose case
study [see Eq. 28 and Eq. 27 for details].
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which seems adequate in this case. Figure 2 shows the
excess contributions to the chemical potential of water in the
f-phase. The swelling contribution is small with respect to
the other two, in particular, at low values of relative humid-
ity. This suggests that it is possible to simplify the model
even further by eliminating the swelling contribution,
although does not reduce the number of adjustable parame-
ters. The inset in Figure 2 shows the behavior of the swel-
ling contribution as a function of the relative humidity,
which seems to follow a logical qualitative behavior.

Activated municipal sludge

Vaxelaire7 provides experimental data and parameters for
different fitting models. For illustration purposes, we used
the water sorption isotherm at 39�C only (any of the other
isotherms can be used as well). Figure 3 shows the experi-
mental data together with Vaxelaire’s best fitting results
using the Oswin model (see dotted line). The solid lines
show the results of our model for both total and bound
water. The results provided by Eq. (30) and Eq. (32) are
excellent with more meaningful parameters from a physical
standpoint (i.e., the parameters r, vpw, D~e, and v have a
direct physical interpretation in the proposed model). Table
2 shows the parameters regressed using the experimental
data reported by Vaxelaire.7 The physical interpretation of
the parameters in the Oswin model is not clear and it seems
that the fit is not optimal for this particular isotherm.

Figure 4 shows the excess contributions to the chemical
potential of water in the f-phase. As in the previous case
study, the swelling contribution small (dotted line) compared
with the other two. The inset shows the behavior of the
swelling contribution as a function of the relative humidity.
The qualitative trend of this contribution seems logical in

the sense that it increases with water activity, in particular,
in the lower range of the relative humidities and it slows
down at higher values.

The solution of Eqs. (30) and (32) also provides the equi-
librium biomass volume fraction (i.e., /e is the value of /p

at equilibrium). Figure 5 shows the behavior of /e for both
case studies. The trends seem reasonable qualitatively with
appropriate asymptotic behavior.

Figure 3. Desorption isotherm for activated municipal
sludge at 39�C.
Experimental data reported by Vaxelaire7 (circles). The pa-
rameters used for the Oswin model are also reported by
Vaxelaire.7

Figure 4. Contributions to the water chemical potential
in the f-phase for the municipal sludge case
study [see Eq. 28 and Eq. 27 for details].

Figure 5. Estimated methyl cellulose and municipal
sludge equilibrium volume fractions.
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Concluding Remarks and Future Work

We have proposed a simple model based on combining
standard molecular thermodynamic approaches and statistical
mechanics to model equilibrium moisture content as a func-
tion of water activity in biomass materials such as municipal
sludge and foods. The model attempts to consider both
bonded and nonbonded interactions of the water with the
substrate. Although the model is basic, it captures the behav-
ior of water in this type of systems and it can be used to fit
experimental data with parameters that provide more physi-
cal insight of the water activity in these type of systems. In
general, the model works well when compared with tradi-
tional models used for the same purpose, it has relatively
few parameters and it has significant potential for improve-
ments by adding components describing in more detail the
water interactions with this type of substrates.

Fundamentally, the model can be improved in several
ways. For instance, one could use the GAB approach by
adding more characteristic molecular energy parameters to
describe the different water interactions in the biomass net-
work or one could specify in more detail the contributions to
the Helmholtz free energy in the f-phase [see Eq. (11) for
details]. Among additional contributions to take into account
include pH, ionic conditions, and surface tension (c) to
obtain an expression of the form

Aðf Þ ¼ Ao
w þ DAmix þ DAswl þ DAads þ DApH þ DAion þ DAc:

(34)

This type of improvement can be very useful for practical
applications because it can provide more insight on how to
manipulate the EMC more efficiently in this type of substrates.
Additionally, the model can be improved by using a better
model to describe the biomass structure. At present, we use an
ideal lattice model to describe the biomass mixing with water,
which can be replaced with a more realistic model for this type
of materials. A possibility is to use random polymer network
models such as a Gaussian network. From a practical
perspective, it seems that modifications to Eq. (11) might
provide more immediate benefits in terms of applications. We
are in process of exploring some of these ideas and also we are
studying the use of our model in food engineering applica-
tions.
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Notation

List of symbols

A ¼ Helmholtz free energy
R ¼ ideal gas law constant
T ¼ temperature
P ¼ pressure
Q ¼ partition function
a ¼ activity
h ¼ Max Planck constant
q ¼ partition function

y ¼ gas phase mole fraction
kJ ¼ kilo-Joules
kB ¼ Boltzmann constant
Hr ¼ relative humidity

Greek letters

a ¼ water adsorbed–nonbonded
h ¼ water adsorbed–bonded
x ¼ total water adsorbed
r ¼ number of adsorbing sites
d ¼ expansion factor
/ ¼ polymer fraction
v ¼ Flory-Huggins parameter
e ¼ molecular potential energy parameter
b ¼ inverse of Boltzmann constant
m ¼ characteristic vibration frequency
n ¼ network cycle rank
W ¼ functionality of the network
c ¼ constant, surface tension

Subscripts and superscripts

mix ¼ mixing
swl ¼ swelling
ads ¼ adsorption
sat ¼ saturated
f ¼ indicates phase
o ¼ indicates pure state
p ¼ polymer
ig ¼ ideal gas
a ¼ indicates phase
w ¼ water
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