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Simultaneous heat-!ow di"erential calorimetry and thermogravimetry
for fast determination of sorption isotherms and heat of sorption in

environmental or food engineering
Jean-Henry Ferrasse1, Didier Lecomte∗

UMR-CNRS 2392, Laboratoire de G!enie des Proc!ed!es des Solides Divis!es, Ecole des mines d’Albi-Carmaux,Route de Teillet-81013,
Albi cedex 09, France

Abstract

A new experimental technique is described for the determination of desorption characteristics for engineering purposes. A TGA-DSC
set-up is used in isothermal mode to achieve the thermal desorption of deformable standard materials like microcrystalline cellulose
and kaolin in dry air. Assumptions on heat and mass transfer are made and discussed in order to derive desorption isotherms and heat
of sorptions from the calorimetric and gravimetric signals. The method is rapid and accurate for high-temperature desorption processes
T¿ 40◦C. It is particularly reliable for small water activity values 06 aw6 0:4 where a good agreement with standard methods is
observed in spite of small apparent di"usion coe#cients D ∼= 10−10 m2 s−1 for the two products tested. The method is suitable for heat
sensitive biological products because of the small residence time in the furnace (1 or 2 h).
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1. Introduction

In various scienti$c domains, food science and process-
ing, material science, environmental sciences, the combina-
tion of water and solid materials is usually described by the
water activity aw. Water activity is a major factor in charac-
terizing the quality, the durability and the safety of a product
(Franks, 1991). Drying operations in the food or environ-
mental processes usually aim at lowering the water activity
(Bassal, 1993). Sorption equilibrium curves are usually dis-
played as a number of moles or a mass of water versus the
activity of water at equilibrium.
The di"erent measurement methods have been classi$ed

by Leung (1983) and Rahman (1995). Two classes of meth-
ods are mainly used by researchers; methods where the
pressure above a known mass of sample is measured, and
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methods in which the pressure above the sample is $xed and
the mass measured. Similar methods are used in adsorption
science and are referred to as manometric and gravimetric
methods (Rouquerol et al., 1999).
In food science and engineering, Rao and Rizvi (1986)

report the use of manometric methods but asserts these meth-
ods are not suitable for materials containing large amounts
of volatile or undergoing respiration process. The freez-
ing point depression technique reported by Rahman (1995)
seems to give reliable values for higher activities (above
0.85), but the range of temperature is narrow.
A very straightforward and widely used gravimetric

method is to store a sample in a chamber at controlled
temperature and vapour pressure. The mass is recorded at
di"erent time intervals until a constant value is observed.
Constant relative humidity can be obtained by placing
saturated salt solutions in the enclosure (Rahman, 1995).
Aqueous solutions with di"erent concentrations may also
be used (Collins, 1933). The principal inconvenience of
the method is its slowness due to mass transfer both in the
material and in the air. Improvements can be made by frac-
tioning the sample and enhancing convective mass transfer
in the chamber (Ibeka and Blaisdell, 1982). A group of



European research laboratories developed a reference sys-
tem : reference material, standard equipment and procedure,
evaluation of results (Spiess and Wolf, 1987; Jowitt and
Wagsta"e, 1989). The reference material (Microcrystalline
Cellulose Avicel PH 101 known as MCC) was chosen for
its stability and constant availability.
The use of saturated salt solutions can be avoided by

feeding the cabinet with a gas stream at constant vapour
pressure, generally moist air. The relative humidity of the
air is therefore measured by psychrometric instruments
either directly (dew point) or indirectly (wet bulb temper-
ature, capacitive hygrometers). The main di#culty of the
method is to keep a constant level of moisture in the cab-
inet and to measure it with a good accuracy. Dew-point
sensors are very precise at high activity, but cannot be used
at low activities (Prior, 1979). Capacitive sensors show
a good accuracy on a wide range of air moisture content
but are sensitive to gas adsorption by organic volatiles and
thus subject to ageing. To stabilize the air moisture con-
tent, it is possible to achieve a mixture of two air !ows
of di"erent moistures (M%eot et al., 1996) or to saturate air
and heat it up to the required temperature (Weisser, 1986).
Baucour and Daudin (1999) generates calibrated moist air
by successive isothermal pressure drops across diaphragms
from an initially saturated moist air. The experimental
set-up enables to measure high activity values (0.88–0.98).
For temperatures above the boiling point, Loncin (1988)
showed that water activity is only a function of temperature
at atmospheric pressure. Bassal et al. (1993) proposed a
method based on the equilibration of food samples in con-
tact with pure vapour. Due to the absence of external di"u-
sion and temperature above 100◦C, equilibrium is reached
rapidly (48 h).
Other methods (isiopiestic method, suction potential

method, osmometric method) are described by Rao and
Rizvi (1986). At least, the Landrock and Proctor method
(1951), an extrapolation method based on saturated salt
solutions, does not require thermodynamic equilibrium.
Except the last cited method, all methods require a long

period of stabilization due to internal and external mass
transfer, between a few days and a few months depending on
the size of the sample, the order of magnitude of mass trans-
fer di"usion and the initial moisture di"erence between the
carrier gas and the surface of the sample. This delay causes
measurements problems for biological products at high ac-
tivities or high temperature where microbial and fungi pro-
liferation and enzymatic oxidation alter the properties of the
initial product. For example little work on water activity of
sewage sludge is available in the literature (Vaxelaire et al.,
2000), measuring di#culties are also reported in this par-
ticular scienti$c area (Ferrasse, 2000).
The methods presented in this short review require con-

siderable experimental care. Numerous factors like tem-
perature stability, concentration and temperature gradients,
volume ratios (e.g.: sample/cell), frequency of opening,
heterogeneity, etc. in!uence the results and until now, no

method totally meets requirements of accuracy, simplicity
and speed (Rahman, 1995).
A major disadvantage of the saturated salt method—

though this method is now widely adopted as a standard
(Jowitt and Wagsta"e 1989)—is the small number of exper-
imental points. Due to the limitation in the use of saturated
salts, an average of 8–10 experimental points is used for the
determination of sorption isotherms with di#culties arising
for low and high activities measurements. Sorption isotherm
models have been widely described in the literature for food
(Iglesias and Chirife, 1982; Wolf et al., 1985), food-based
materials (Iglesias and Chirife, 1982), and more recently
for waste (Vaxelaire et al., 2000). They usually incorpo-
rate 2 or 3 parameters, thus con$dent parameter estimation
from very little experimental data is di#cult to achieve.
In a cooperative study within the framework of the COST
90 program, various European laboratories determined the
mean adsorption isotherms of MCC and food materials
(apple pectin, potato starch, : : :). The 24 laboratories used
the same experimental procedure and the same set-up to
perform an important number of experiments. These data
were examined in term of mean, standard deviation, re-
peatability standard deviation and reproducibility standard
deviation. It resulted in a mean adsorption isotherm curve
for 10 water activities at 25◦C and standard deviations for
each point (Wolf et al., 1985).
The $tting of sorption isotherms with model equations

allows the determination of a function usually expressed as
followed:

aw = f(X; T ); (1)

where X is the moisture content:

X = (m− m0)=m0: (2)

Model equations are very useful to determine the total heat
of sorption. Indeed, the total heat of sorption is de$ned by
the Clausius–Clapeyron law:

&Ht =− R
M
@ lnpv(X; T )

@ 1T

∣

∣

∣

∣

∣

X

: (3)

The total heat of sorption is the sum of the latent heat of
vaporization and the isosteric heat of sorption:

&Ht =&Hst +&Hv; (4)

where

&Hst =− R
M
@ ln aw(X; T )

@ 1T

∣

∣

∣

∣

∣

X

: (5)

The isosteric heat of sorption can be calculated using Oth-
mer’s methods (Othmer, 1940; Beristain et al., 1999) us-
ing Eq. (3) and direct measurements of the vapour pressure
pv(X; T )|. It can be alternately computed from the tempera-
ture shift of the isotherms, using Eq. (5). An average value
of &Hst between two temperatures T1 and T2 is obtained by



integration of Eq. (5) at constant X :

&Hst = R ln(aw2=aw1)
(

1
T1

− 1
T2

)−1
; (6)

where aw1 and aw2 are the activities of the material at tem-
peratures T1 and T2.
Using Eq. (6) and the data and con$dence intervals es-

tablished by Wolf et al. (1985) and Iglesias et al. (1989)
and Chirife and Iglesias (1992) showed important errors
in the calculations of the heats of sorption (typically 39%
for microcrystalline cellulose (MCC) at X = 0:08 and
40◦C6 T6 60◦C).
An alternative way to calculate the heat of sorption is

to make a formal di"erentiation of the Clausius–Clapeyron
equation (Eq. (3)). The method requires that coe#cients are
expressed as a function of the temperature. It was applied
by Bassal (1993) and more recently by Viollaz and Rovedo
(1999) using the GAB equation. It is shown (Balaban
et al., 1987) that the applicability of this method is very
much dependent of the type of model used and the range
of application of the model. No real sensitivity analysis has
been made to validate these methods.
Direct measurement of the heat of sorption is often in-

voked by authors to cope with these di"erentiation prob-
lems. Di"erential scanning calorimetry (DSC) is used by
Beristain et al. (1999) to measure the heat of sorption of
mesquite gum in the temperature range (25–195◦C). Ther-
mogravimetric measurements with the same heating rate as
the DSC (10 K min−1) allow computation of the mass loss
of the sample. Mulet et al. (1999) used a very similar proce-
dure with smaller heating rates (2 K min−1) for DSC mea-
surements of the heat of sorption of cauli!ower and potato
starch in the temperature range (25–150◦C). Although the
results for both research works are consistent with calcula-
tions from GAB’s equation, the scanning method involves
large temperature ranges—including probably temperatures
above the boiling temperature—and one should consider
that the heat of sorption obtained from this measurement is
an average value over a large range of temperature (from
ambient to above boiling temperature) and a large range of
water content.
So far simultaneous calorimetric and gravimetric tech-

niques have not been used for food or environmental engi-
neering purposes. In the $eld of adsorption science, Berlier
and Fr'ere (1996) used a Setaram DSC111 for the measure-
ment of heat of sorption and sorption isotherms of CO2 onto
activated carbon. The calorimeter is used in isothermal mode
and the sample is $rst outgased at 513 K with a pressure of
10−2 mmHg. Then the gas is adsorbed at di"erent pressures
and the heat and mass gain are recorded. This step-by-step
method allowed to record both the adsorption isotherms and
the heat of adsorption.
In the present paper, simultaneous gravimetric and calori-

metric measurements using Setaram DSC111 apparatus in
drying (desorption) conditions are presented. This method
has been successfully applied for various products (Ferrasse

et al., 2000a,b). Unlike the method described by Berlier and
Fr'ere (1996), no vacuum is necessary. It will be shown
that under some particular assumptions regarding di"usional
transfer in the sample, the method can provide reliable val-
ues of the heat of sorption and sorption isotherms, with a
very fast time response. The assumptions and the limits of
application of the method will be discussed.

2. Material and equipment

The experimental set-up is a Setaram DSC111 di"eren-
tial scanning calorimeter combined with a thermobalance
as shown in Fig. 1. The furnace is made of a silver cylin-
drical block where two refractory tubes are inserted. Ther-
mopiles of Tian-Calvet type (Tian, 1924; Calvet and Prat,
1956) are inserted between the refractory tubes and the fur-
nace (height 20 mm). The temperature of the furnace is
controlled by an electric heater and a water cooled coil
heat-exchanger. A Pt100 probe inserted into the silver block
allows to control the furnace temperature either in isother-
mal mode or in scanning mode with an error better than
0:01 K. The thermobalance is made of a beam supporting
two platinum crucibles (diameter 4:3 mm–height 9:85 mm)
which are suspended in the two refractory tubes at the level
of the thermopiles. One of the crucibles (S) contains the
sample, the other (R) containing a non-reacting substance
is called the reference. An electromagnetic device enables
to keep the crucibles at a constant position during the mea-
surement of the mass change. The detection limit is 1 !g.
The crucibles are set at the level of the thermopiles which
measure the heat !ow exchanged with the furnace. The de-
tection limit of the heat !ow is 5 !W in isothermal mode

Fig. 1. Schematic view of the experimental set-up: TG-DSC 111 Setaram.



and 15 !W in scanning mode. The relative error on the heat
!ow measurement is 1%. The recorded heat !ow signal is
the di"erence between the heat !ows measured in the two
thermopiles.

3. Theoretical model

In the following section, two assumptions are made:
A.1: Temperature is homogeneous in the crucible (S) and

equal to the sample temperature TS . It may vary with time
and be di"erent from the furnace temperature but the order
of magnitude of the di"erence should be small and it will
be shown furtherhow this di"erence may be quanti$ed.
A.2: Moisture gradients are neglected in the material. This

can be achieved using very thin samples (≈ 1 mm) and for
relatively high moisture di"usion coe#cients.
These fundamental assumptions will be discussed in

Section 5.

3.1. Measurement of the heat of sorption

The theory of heat !ow di"erential calorimeter (Calvet
and Prat, 1956, 1963) is based of an energy balance on the
reference and the sample crucibles.
The heat !ows for the sample and the reference are pro-

portional to the temperature di"erences between the cru-
cibles and the furnace:

q̇S = (UA)S(TF − TS) (7)

and

q̇R = (UA)R(TF − TR): (8)

The recorded heat-!ow is the di"erence between the two
heat !ows q̇S and q̇R:

q̇= (UA)S(TS − TF)− (UA)R(TR − TF): (9)

The energy balance equation for the sample and the refer-
ence are:

(m(t)cS + !C)
dTS
dt

+UAS(TS − TF) = P; (10)

!C
dTR
dt

+UAR(TR − TF) = 0; (11)

where P is a source term in the sample crucible. The heat
capacities of the sample and the reference crucibles can be
assumed equal to !C . The massic heat capacity of the sample
cS is assumed constant.
In the present case, the microcalorimeter is used in isother-

mal mode. In Experiment S, the furnace temperature is $xed
and the sample is dried (desorption process). The gas rapidly
reaches the furnace temperature both in the sample and the
reference cells. Eqs. (9)–(11) yield:

q̇= P − (m(t)cS + !C)
dTS
dt

+ !C
dTR
dt
: (12)

It is useful to perform a blank experiment (Experiment B)
using an empty crucible. The corresponding calorimetric
signal is

q̇B = (UA)S(TSB − TF)− (UA)R(TRB − TF) (13)

and the energy balance for the blank experiment yield:

q̇B =−!C
dTSB
dt

+ !C
dTRB
dt

: (14)

The corrected calorimetric signal is obtained by subtracting
q̇B from q̇:

q̇C = q̇− q̇B: (15)

Although the correction is very small, it takes into account
many e"ects such as buoyancy e"ects in the cell or di"er-
ences of !owrates in the !uid !owing in the two cells.
The assumption is made that the reference crucible un-

dertakes similar ambient conditions during the two experi-
ments; thus the temperatures of the reference can be assumed
equal:

TRB = TR: (16)

It is also assumed that rapidly the sample temperature in the
blank experiment becomes very close to the furnace tem-
perature, because of the quasi-steady regime in isothermal
mode:

TSB ∼= TF : (17)

Using Eqs. (9) and (13) and the above approximations, a
simple expression of q̇C is obtained:

q̇C =UAS(TF − TS) (18)

and the combination of the energy balance equations (12)
and (14) yield

q̇C = P − m(t)cS
dTS
dt

+ !C

(

dTS
dt

− dTSB
dt

+
dTR
dt

− dTRB
dt

)

: (19)

With assumptions (16) and (17), this equation reduces to:

q̇C = P − (m(t)cS + !C)
dTS
dt
: (20)

The application is particularly interesting in a drying or a
desorption process where the energy absorbed per unit time
by the material is related to the total heat of desorption:

P =−ṁ(t)&Ht(t): (21)

Thus one obtains:

ṁ(t)&Ht(t) =−q̇C − (m(t)cS + !C)
dTS
dt
: (22)

In isothermal mode, the energy equation can be simpli$ed
assuming the heat accumulated in the sample crucible is
negligible (however it is possible to keep this term). Thus



a very straightforward equation can be obtained:

q̇C =−ṁ(t)&Ht(t): (23)

The thermogravimetric experiment enables to determine
both the TG curve (m(t)) and the DTG curve (ṁ(t)). It is
thus possible to plot at any time the value of the total heat
of desorption as a function of the mass:

&Ht(t) = f(m(t)): (24)

It must be reminded that the heat of sorption is an average
heat calculated at the average temperature of the sample and
for an average moisture concentration. The more accurate
assumptions A1 and A2 are, the more Eq. (24) may be
considered valid.

3.2. Determination of the sorption isotherm

To determine the sorption isotherm, three measurements
are needed: temperature, mass and water activity of the sam-
ple. Of these three parameters, only the mass can be easily
determined with a thermobalance. The temperature of the
furnace is an approximate value of the actual temperature of
the sample. The water activity is not known. A protocol to
determine all three parameters from a simultaneous TG-DSC
measurement is presented herein. The method used is based
on the same experiment (S) as described above.
A new assumption is used in this section:
A3: Evaporation of water occurs according to the stagnant

$lm theory (Bird et al., 1960). This assumption will also be
discussed in Section 5.
The stagnant $lm theory (Bird et al., 1960) is used to

model the evaporation of water in experiment (S):

ṁ= " ln
(

p− pv∞
p− awpsat(TS)

)

: (25)

In Eq. (25) the vapour partial pressure pv∞ in the furnace
is $xed, and the partial pressure at the surface of the sample
is the product of the surface water activity aw and the water
vapour pressure psat(TS) at the temperature of the sample.
The coe#cient:

" =
MvDv(TS)Ap
RTS(L− e)

(26)

is a function of the temperature in the crucible TS and the
length of di"usion L− e between the sample free surface A
and the edge of the crucible (Fig. 2). The vapour–air di"u-
sion coe#cient Dv is calculated at the sample temperature
TS by the following equation (Berman, 1961):

Dv = 2:26× 105
1
p

(

TS
273

)1:81

(27)

with TS in Kelvin, p in bar, Dv in m2 s−1.
The calculation of coe#cient " requires a correct pre-

cision on the value of the sample temperature TS . This

L

e

Sample surface
partial pressure:
aw psat (TS)

Total pressure: p

Water partial pressure
in moist air: pva

Crucible

Fig. 2. Partial pressure pro$le according to the stagnant $lm theory in
the sample crucible (S).

temperature may be computed from the calorimetric signal
q̇c and the furnace temperature TF using Eq. (18):

TS = TF +
q̇c
UAS

: (28)

The product thickness e is a function of time. It can be
derived from the mass of sample:

e =
m(t)
#A

; (29)

where # is an average constant density of sample. Using
Eq. (25), a direct calculation of aw leads to the following
expression:

aw =
p

psat(Ts)
(exp(ṁ=")− 1) + pv∞

psat(TS)
: (30)

The sorption isotherm is thus the plot of aW (de$ned
by Eq. (30)) as a function of the sample moisture content
(Eq. (2)), for the corrected temperature TS .
The vapour partial pressure in the furnace can be calcu-

lated assuming a perfect mixing of the transfer gas and the
water vapour:

pv∞ =
(ṁ=ṁa)p

Mv=Ma + ṁ=ṁa
; (31)

where ṁa is the mass !owrate of the transfer gas (dry air).

4. Experimental results

In order to avoid concentration gradients during the short
heating period, pure water is disposed on the pasty sample.
The surface must be as plane as possible and a low thick-
ness is required. Typically 3–7 mg of dry mass samples are
used. The calorimetric signal q̇ and the TG signals m(t) are
recorded simultaneously (Experiment S). The DTG signal
ṁ(t) is calculated by the software associated with the appara-
tus. The corrected calorimetric signal q̇C is calculated using
q̇B obtained from the blank experiment (Experiment B).
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4.1. Experimental determination of the heat transfer
coe"cient in the crucible

An estimation of the heat transfer coe#cient may be obtai-
ned from a speci$c experimental procedure (Experiment F).
A fusible medium is used in the same range of temper-
ature as in experiment S and B (Section 3.1) and the
microcalorimeter is used in scanning mode with a constant
heating rate (v. During the phase change, the temperature of
the sample remains equal to the phase change temperature
TC while the furnace temperature varies linearly with time
(Gray, 1968; Speyer, 1994).
The overall heat transfer coe#cient may be written (Gray,

1968):

(UA)S =−1
(v
dq̇
dt

∣

∣

∣

∣

melting
; (32)

where dq̇
dt

∣

∣

∣

melting
is the slope of the calorimetric signal at the

beginning of the melting process. To determine UAS in the
appropriate range of temperature, a sample of pure indium
of fusion temperature TC = 156:6◦C is used and the heat
transfer coe#cient is $tted using Eq. (32).
The comparison of the computed value using and the

experimental corrected heat !ow is shown in Fig. 3. The
agreement between the two curves is very good, in spite of
the simplicity of the model (constant heat transfer coe#-
cient, temperature uniformness). When the sample reaches
the melting temperature, the sample remains at constant tem-
perature until the phase change is completed.

4.2. Determination of sorption isotherms for MCC and
Kaolin

Validation experiments were conducted on two products.
The $rst product is MCC because it has been chosen as a
reference material in food and pharmaceutical studies. The
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Fig. 4. Comparison of sorption isotherm for MCC for TF = 50◦C.

second product is kaolin because extensive data on this prod-
uct were found in the literature (Kroes, 1999).
MCC: Results for MCC are obtained at two furnace

temperatures TF = 50◦C and 100◦C. For TF = 50◦C, the
temperature correction (Eq. (29)) is small and the aver-
age temperature during the experiment is TS = 49:3◦C.
Although not originally valid in this range of temperature,
these data were compared (Fig. 4) to Oswin model using
the original set of parameters obtained by Bassal (1993)
reproduced in Annex 1. The results from the COST project
(Wolf et al., 1984) are also shown at a lower temperature
TS = 25◦C. These data are also consistent with the data
obtained with the present method, which seems to prove
that the temperature shift of the isotherms is not very sig-
ni$cant. It must be emphasized that the present method
could not be used at such a low temperature of TS = 25◦C
because of the lack of sensitivity of the thermobalance
for small mass !owrates. However, there is a good agree-
ment between these two sets of data and the present
experimental method, especially for small values of the
activity (06 aw6 0:4).
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At a higher temperature, the drying rate is important and
the temperature di"erence between the furnace and the sam-
ple is more signi$cant. But the temperature shift of the
isotherms is still small and thus temperature changes do not
a"ect signi$cantly the quality of the results as long as these
changes can be quanti$ed. Results for an average sample
temperature TF = 92◦C are presented in Fig. 5. The tem-
perature of the sample has been calculated according to Eq.
(28) and was estimated at 92±5◦C during the whole exper-
iment. These data are comparable to the original set of data
obtained by Bassal (1993) with Oswin’s model. (Annex 1).
The error was estimated by Bassal (1993) and reproduced
on the graph. The agreement between the two sets of exper-
iments is very good in this range of temperature especially
for aw6 0:8. For aw¿ 0:8, the equilibrium method is very
di#cult to achieve and no results are available in the litera-
ture. The present method allows to determine actual values
of aw = f(X; T ) even at aw ∼= 1, but there is no indication
on the error made.
Kaolin: Results for kaolin are shown in Fig. 6. The furnace

temperature is set at TF=40◦C. As for MCC, measurements
at lower temperatures are di#cult to obtain because of the
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Fig. 7. Comparison of isosteric heat of desorption for MCC for low
moisture content.

lack of sensitivity of the thermobalance. These data were
compared with results obtained by Kroes (1999) at similar
temperatures (Annex 1). Although the general shapes of the
curves are very similar, a good match is only observed for
small values of aw typically aw6 0:25. The origin of this
discrepancy (internal transfer limitations) will be discussed
in Section 5.

4.3. Determination of the isosteric heat of sorption for
MCC

In the case of the isosteric heat of sorption, reliable data
for MCC were found in Bassal (1993). These data were
obtained using a formal di"erentiation of Eq. (6). Results
are shown in Fig. 7 at 95◦C.
It has been emphasized in Section 1 that the indirect meth-

ods led to important errors in the determination of &Hst.
However, in spite of a 25% error for low water contents,
the agreement between the two methods is very good. In
particular, it can be seen that for X ¿ 0:4, adsorption ef-
fects become negligible and the isosteric heat of sorption
&Hst is equal to zero. The method can thus also be used
to quantify the transition moisture content between free and
bound water in a biological materials undertaking a desorp-
tion process, which cannot be obtained with accuracy from
typical S-shaped sorption isotherms for food and biological
materials.

5. Discussions

The good estimation of heat and mass transfer parameters
requires the validity of the three mains assumptions A1–A3
given in Section 3. For the external transfer, the relevant pa-
rameters are the overall heat transfer coe#cient (UA)S and
the mass transfer coe#cient between the furnace and the
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Fig. 8. Sample temperature as a function of the water content during
sorption measurement.

crucible. These coe#cients are not related by laws of sim-
ilarity because the heat and mass transfer areas are di"er-
ent. Internal heat transfer can be quanti$ed by the thermal
conductivity k and the e"ective water di"usivity DS of the
sample.

5.1. Heat transfer assumptions

5.1.1. Temperature uniformness in the sample
An important condition for the application of Eqs. (7)–

(24) is the uniformness of the temperature in the sample
which is achieved for BiT = (UA)Se=AT k6 0:1, where BiT
is the thermal Biot number.
With the typical values of (UA)S , e and AT , this condition

is ful$lled for k¿ 3:10−3 W m−1 K−1, which is always
valid for biological and food materials.

5.1.2. Sample temperature change
Although the calorimeter furnace is kept isothermal, the

endothermic desorption e"ect creates a temperature di"er-
ence between the furnace and the sample. This tempera-
ture di"erence is larger at the beginning of the desorption
process and becomes smaller and smaller as water activ-
ity decreases. Using Eq. (28), the sample temperature is
computed for experiment S. In Fig. 8 kaolin is desorbed at
TF =50◦C and the actual temperature of the sample is plot-
ted versus the moisture content X . An average temperature
of TS = 49:3± 0:9◦C is observed. For a higher temperature
of furnace (TF =92◦C) the temperature deviation is ±5◦C.
Compared to equilibrium sorption measurement techniques
for which the error on the temperature is small (±0:5◦C),
the present method does not allow a good stabilization of
the temperature, but according to Weisser (1986), the sensi-
tivity of sorption isotherms to temperature changes is small.

Fig. 9. Temperature $eld in the crucible using FLUENT calculation for
TF = 80◦C, and a gas !owrate of 0:5 l=h.

More important is the fact that the sample temperature is
di"erent from the furnace temperature and can be calculated
from Eq. (28) at any time.

5.1.3. Temperature uniformness of the gas trapped in the
crucible
To be able to apply the stagnant $lm theory (Section 5.3),

the assumption of isothermal conditions in the gas trapped
in the crucible must be valid. A CFD model (FLUENT) has
been used to determine the temperature $eld in the crucible
and the furnace. To account for the endothermic reaction
in the sample, a source term was applied in the sample.
The furnace temperature was set to 80◦C and a gas laminar
!ow was applied (0:5 L h−1). It is shown in Fig. 9 that
the gas temperature in the furnace upstream of the crucible
reaches rapidly the furnace temperature, due to the low gas
velocities. It is also shown that the gas temperature inside
the crucible is close to the sample temperature, thus the
assumption of isothermal gas in Eq. (25) is valid in the
conditions of the experiment.

5.2. Mass transfer assumptions

5.2.1. External mass transfer
In order to improve the stagnant $lm approximation, a

new experimental protocol, very similar to experiment (P)
previously described, was performed with pure water.
This experiment allowed to compare the evaporation rate

ṁexp(t) from TG experiments and the calculated evapora-
tion rate ṁ(t) obtained using Eqs. (26)–(28) with aw = 1.
Corrections were used for temperature (Eq. (28)), product
thickness (Eq. (29)), partial vapour pressure (Eq. (31)). As
seen in Fig. 10, there is a very good agreement between the
computed mass !ow rate and the experimental mass !owrate
which validates the stagnant $lm model and the correction
made for temperature and thickness change.

5.2.2. Internal mass transfer
An important assumption is the assumption of a homo-

geneous moisture concentration in the sample. Internal dif-
fusion is responsible for concentration gradients. Thus a
di"erence should be observed between the average moisture
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Fig. 10. Comparison between experimental mass rate for pure water and calculations using the stagnant $lm law.

content measured by the thermobalance and the local super-
$cial moisture concentration which is in equilibriumwith the
!owing moist air. It is assumed that the sorption isotherms
can be locally approximated by a straight line: @aw=@X =C.
For poorly adsorptive materials C is large and for highly
adsorptive materials C is small.
With these assumptions, convective and adsorptive e"ects

can be lumped into an overall mass transfer coe#cient K
de$ned by

K = C
MvPV sat(TS)eA

ṁaRTS
:
Dv(Ts)
L− e : (33)

A mass Biot number can be introduced based on K and the
material thickness e:

Bim =
Ke
Ds
:

The mass Biot number compares the internal mass trans-
fer and the external mass transfer. It is generally assumed
that internal concentration gradients may be neglected when
Bim¡ 0:1. Therefore the Biot number was calculated for
the experiments with MCC and Kaolin. The value for C for
each experimental point was derived from the slope of the
experimental sorption isotherm. Dv(TS) and e were calcu-
lated using the set of Eqs. (28)–(31).
For Kaolin, the internal di"usion coe#cient is reported

in the appendix (Kroes, 1999). The following experimen-
tal values where used: A = 1:25 × 10−5 m2, L = 10−2 m,
m0 = 11:11 × 10−6 kg. For the experiments reported in
Fig. 6, the range of the mass Biot number is 2–100 which
is well above the critical value of 0.1 although the compar-
isons are satisfactory especially for small activities, thus low
moisture contents. Themost satisfying explanation is that the
characteristic thickness of the sample is one or two decades
smaller than the calculated thickness e due to cracks, bub-
bles and surface e"ects that are observed when the medium
shrinks and dries. At larger activities, the internal apparent

mass di"usion coe#cient is larger but the value of e is more
relevant to calculate the Biot number and describe the mass
transfer process.
For MCC (m0 = 6:6933 × 10−6 kg), only one di"u-

sion coe#cient was reported in the literature (Ds = 1:26 ×
10−9 m2 s−1 from Sun et al., 1993), but no mention was
made of the conditions of the experiment. However the
results are better than for Kaolin (Figs. 4 and 5), but it
is di#cult to give a straightforward explanation to the
excellent results obtained with MCC.
Due to internal di"usion, the average water activity is

higher than the local water activity at the surface of the sam-
ple, thus the average moisture content is higher than the local
moisture content at the surface of the sample. The present
method produces a plot of the average moisture content ver-
sus the local surface activity. Compared to static methods,
the sorption isotherm is thus shifted upwards for most ex-
periments (Figs. 4–6).
However, the method described in the present paper

seems well adapted for pasty materials that contain impor-
tant amount of waster (gels, collo)*ds, paste, sludge: : :) with
a mass transfer limitation when the internal di"usion coe#-
cients is smaller than 10−10 m−2 s−1. The method has been
applied with success (Ferrasse, 2000), to the determination
of sorption isotherms of sludge in the conditions of high
temperature drying (100◦C).

6. Conclusion

Calorimetric and gravimetric signals from a Setaram
DSC111 set-up in isothermal mode were used to build sorp-
tion isotherms and heat of sorption calculations for water in
standard materials (microcrystalline cellulose and kaolin).
Unlike most experimental techniques which are based on
thermodynamic equilibrium and yield a limited number of



experimental points, the developed method uses a dynamic
approach and yields continuous functions. Although tem-
perature stability in the sample is di#cult to achieve due
to the evaporation e"ect, temperature shifts have little ef-
fect on the sorption isotherms. The sample is small enough
to allow temperature homogeneity even with low thermal
conductivity materials. With respect to mass transfer, pasty
or collo)*dal materials have smaller di"usion coe#cients at
lower moisture contents thus lower activities but the valid-
ity of the method is better at low activities (06 aw6 0:4).
This surprising result suggests that the characteristic length
at low moisture content is much smaller than the theoretical
thickness of the sample due to cracks, bubbles and surface
e"ects in the tested media. The accuracy is also enhanced
at higher temperatures (T¿ 40◦C), $rst because of a better
sensitivity of the microbalance and !owmeters, but also be-
cause of higher internal di"usion rates. Unlike most values
found in environmental or food engineering, the isosteric
heat of desorption is not derived from the shift of sorption
isotherms with temperature but from direct measurements.
The data for the heat of sorption su"er from a lack of
comparison but direct measurement instead of calculations
would give more precise and e"ective information for the
design and calculation of dryers at low moisture ranges. The
residence time of the sample in the DSC cell is small (typi-
cally a few hours for a complete experiment), which makes
it suitable for the prediction of thermodynamic properties
of heat and moisture sensitive products like food or sludge,
whereas more conventional methods would lead to mis-
leading interpretations due to the conjunction of biological
activity, temperature and residence time e"ects.

Notation

aw water activity
A mass exchange area, m2

AT heat exchange area, m2

BiT thermal Biot number
Bim mass Biot number
c heat capacity, J kg−1 K−1

Dv water di"usion coe#cient in air, m2 s−1

DS water di"usion coe#cient in sample, m2 s−1

e sample thickness, m
k thermal conductivity of sample, W m−1 K−1

L height of crucible, m
m mass of sample, kg
m0 dry mass of sample, kg
ṁa air !owrate, kg s−1

M molar mass, kg mol−1

p total pressure, Pa
pv water partial pressure, Pa
psat water boiling pressure, Pa
q̇ heat !ow, W
R ideal gas constant, J mol−1 K−1

t time, s
T temperature, K or ◦C
(UA) overall heat transfer coe#cient, W K−1

(v heating rate, K s−1

X water content in sample (dry base)

Greek letters

&H heat, J kg−1

! heat capacity, J K−1

# density, kg m−3

Subscripts

a air
B blank experiment
C corrected experiment
F furnace
R reference
S sample or solid
t total
st isosteric
v vapour phase

Appendix A. Referenced correlations used for comparison
of sorption isotherm and internal coe!cient di"usion

A.1. MCC (Microcellulose crystalline)

Sorption isotherms: Results are reported from Bassal
(1993) and $tted by Oswin model. The temperature range
is 80–150◦C:

K1 = 6:0585;

K2 =−1:5927× 10−2;

K3 = 0:3198;

K4 = 2:0875× 10−3;

X = (K1 + K2T )(K3 + K4T )
aw

1− aw
; with T in ◦C:

The relative error for this Oswin law with experimental data
was 5.5%.

A.2. Kaolin

(a) Sorption isotherm: Results are reported from Bas
Kroes (1999) and $tted by the GABmodel. The temperature



range is 35–55◦C:
X

Xmono
=

Cgugkaw
(1− kaw)(1− kaw + Cgugkaw)

;

no relative errors are reported :

Gab-parameters Temperature

k 35◦C 0.9
k 45◦C 0.92
Cgug 35◦C 15
Cgug 45◦C 53.4
Xmono 35◦C 0.004
Xmono 45◦C 0.003

(b) Internal di"usion coe#cient for bound water, i.e. for
moisture such as aw ¡ 1 (Bas Kroes, 1999):

a=−1:38;

b=−9:013× 10−1;

c =−4:96;

d=−1:37× 10−2;

e = 1:567;

log10 D = a+ b ln X +
c
ln X

+ d(ln u)2 +
e

(ln u)2
:

The temperature e"ect is described with the Arrhenius equa-
tion. A constant activation energy of 3×104 J mol−1 is used.
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