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Summary

Sorption isotherms of water onto/into potato, wheat and maize starch and Avicels PH-101, RC-581 and CL-611 have been
prepared. In previous publications, a vacuum microbalance and a sorption microcalorimeter have been used to study interactions
between water vapour and crystalline solids. In an attempt to extend the application of these techniques, the thermodynamic
functions for sorption of water have been calculated for solids where water sorbs in the amorphous regions (i.e. maize and potato
starch and Avicel PH-101 and CL-611). Microcalorimetric methods were also used to study the kinetics of the sorption process. As
was expected the potato starch sorbed more water than the other two starches, and the Avicel grades sorbed water in proportion to
their sodium carboxymethylcellulose content. The numerical values for the thermodynamic functions were lower than those obtained
previously from similar studies on crystalline pharmaceutical powders. For starches and celluloses, it is proposed that water binds to
anhydroglucose units within the amorphous regions of the solid. It has been suggested that over the sorption process water initially
binds as one molecule between two anhydroglucose units, but that these bonds are then broken to form a 1:1 stoichiometry. This
process of forming and breaking bonds could explain the low values for the net change in thermodynamic functions. The kinetic
interpretation demonstrated that the sorption process was split into three discrete regions. The results from vapour sorption
microcalorimetry, in combination with a vacuum microbalance, are valuable in probing interactions between water and crystalline or
semi-amorphous solids.

Introduction physical and microbiological) and the control of

drug release.

The interaction between water and pharmaceu-
tical excipients is of vital importance for a number
of reasons, including product stability (chemical,
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An extensive literature exists on the interaction
between starches and water, and between micro-
crystalline celluloses (MCC) and water. The aims
of this work were to study interactions between
three types of starch, three types of MCC and
water in order to test the proposed mechanism,
and to investigate the value of applying vacuum
microbalance and microcalorimetric vapour sorp-
tion techniques to this area of study.
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In our previously published work on the use of
the vacuum microbalance and the microcalorime-
ter (Buckton and Beezer, 1988; Buckton et al.,
1988) we have investigated the total interaction
between water vapour and a crystalline solid
surface; that is to say that the reported values
have been equilibrium data, based on a standard
state where water vapour has reached its maxi-
mum level of sorption at the temperature of the
experiment. In our published work to date (e.g.
Buckton and Beezer, 1988; Buckton et al., 1988)
there has been very little consideration of the
kinetics of the process(es) that were investigated.
Kinetic information indicates how the sorption
process proceeds towards equilibrium i.e. mecha-
nism of interaction.

The interaction between MCC and water has
been examined by many techniques including
sorption isotherms (Morrison and Dzieciuch, 1959;
Nakai et al., 1977; Hollenbeck et al., 1978; Zografi
et al, 1984; Khan and Pilpel, 1986, 1987), dif-
ferential scanning calorimetry (Khan and Pilpel,
1986), microcalorimetry (Hollenbeck et al., 1978;
Sadeghnejad et al., 1985; Fielden et al., 1988),
dielectric spectroscopy (Khan and Pilpel, 1987)
and differential thermal analysis and thermogravi-
metric analysis (Fielden et al., 1988).

The evidence presented to date leads to the
conclusion that water binds to celluloses by a
three stage process, involving: (1) the water bind-
ing tightly to anhydroglucose units and indeed
linking adjacent units, i.e. two hydrogen bonds per
water molecule; (2) the breaking of some of the
initial bonds between water and cellulose and the
addition of extra water molecules to bind at the
now vacant anhydroglucose sites, i.e. one hydro-
gen bond per water molecule, but the involvement
of more water molecules; (3) the onset of hydro-
gen bonding between water molecules, i.e. a more
loosely bound region of sorbed water (this mecha-
nism is represented diagrammatically by Khan
and Pilpel (1987)).

The same basic mechanism has also been pro-
posed for the binding of water to starch (Van den
Berg, 1981).

Although similar experiments to those which
are presented here have been reported, we are not
aware of any work in which the interaction be-

tween water and cellulosic materials, has been
considered by a combination of gravimetric and
calorimetric studies of water vapour sorption, at
one defined standard state. Other studies involve a
combination of results from different processes
(e.g. Hollenbeck et al. (1978)), where sorption
isotherms (constructed from equilibration over
saturated salt solutions) are used in combination
with enthalpies of immersion (into liquid water);
although the quality of such work is not in ques-
tion, we believe that there is also value in consid-
ering only the solid vapour interaction (see Buck-
ton and Beezer, 1988).

Materials and Methods

Experiments were undertaken on three starches,
maize starch BP (special, Roquette (U.K.) Ltd,
wheat starch and potato starch (BDH)) and three
microcrystalline celluloses, Avicel PH-101, RC-581
and CL-611 (FMC Corp., through Honeywill and
Stein Ltd). Avicel PH-101 is microcrystalline cel-
lulose, RC-581 and CL-611 are MCC containing
about 11% and 15% sodium carboxymethylcellu-
lose, respectively.

Sorption isotherms

Samples were placed in 10-ml beakers with a
depth of coverage of 5 mm and dried to constant
weight in a vacuum oven at 80°C and 10 mmHg.
Samples were then transferred to desiccators each
at a particular humidity (controlled by saturated
salt solutions or solutions of sulphuric acid of
differing concentrations) and stored at 25°C for 8
days. The increase in the weights of the samples
was then measured by quickly removing the
beakers and weighing them on a digital balance.
The equilibrium moisture content was also as-
sessed by measuring the water activity, i.e. the
relative humidity formed in the vapour space above
the powders, when placed in the sealed cell of a
humidity meter (Rotronic Hygroskop) at 25°C.

Sorption thermodynamics

The thermodynamic functions of water sorp-
tion onto two of each of the starch and MCC
powders were also assessed (maize and potato



starch and Avicels PH-101 and CL-611). The
vacuum microbalance and microcalorimetric tech-
niques and methods were exactly as reported be-
fore (Buckton and Beezer, 1988) whereby about 10
mg of the sample was spread uniformly in a thin
layer, on a high vacuum microbalance and dried
to constant weight. Water vapour which was con-
trolled to a constant temperature (298 K) was
admitted and allowed to sorb to the surface until
equilibrium is reached *.

The vacuum microbalance experiment was then
repeated in the cell of a sorption microcalorimeter.
By combining the data obtained from using the
two techniques it is possible to calculate the ther-
modynamic functions of sorption relative to a
defined standard state (Buckton and Beezer, 1988).
In this work, as in our previous publications, the
standard state was arbitrarily assigned as the num-
ber of moles of water sorbed per gram of powder
at the saturated vapour pressure of water at 298
K.

Results

The sorption isotherms of water vapour onto
the three starches, and the three celluloses are
presented in Figs 1 and 2, respectively. All iso-
therms are of type I

The thermodynamic functions of sorption are
presented in Table 1. The magnitude of the values
obtained for the enthalpy and entropy change are
lower than those associated with adsorption onto
a crystalline powder (e.g. as reported by Buckton
and Beezer (1988)).

The response from the microcalorimeter, as ob-
served on a chart recorder, is a plot of the rate of
change of heat (power) as a function of time (a pt
curve). A typical response for an adsorption pro-
cess has been presented before (Buckton and
Beezer, 1988) and consists of a rapid rise followed

* The sorption isotherm described above may be reproduced
with greater accuracy if a vacuum microbalance system is
designed to allow changes in relative humidity without the
need to remove the sample from the controlled humidity
before measurement. Such a system is under construction in
our laboratories.
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Fig. 1. Sorption isotherm for water onto maize (), wheat (+)
and potato starch (%) at 25.0°C. Presented as equilibrium
moisture content of the powder (EMC) as a function of the
relative humidity of the vapour to which it was exposed.
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Fig. 2. Sorption isotherm for water onto Avicel PH-101 (),
RC-581 (0) and CL-611 (). Presented as for Fig. 1.

by an exponential decline. From the shape of the
curve tt is possible to determine a rate constant,
by calculating the excess power at various times

TABLE 1

Thermodynamic functions for the sorption of water onto the
powdered samples

Sample AG A.4H A4S
(kJ /mol) (J/mol) (J/mol per K)

Maize starch 13.23 - 865 -47.3
Wheat starch 13.18 - -

Potato starch 12.58 —501 —439
Avicel PH-101 13.69 —681 —48.2
Avicel RC-581 12.73 - -

Avicel CL-611 12.33 —352 —-426
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Fig. 3. Ln displacement (power) as a function of time, showing three sequential apparent first-order processes. Stage 1 from 0 to 10
min, stage 2 from 10 to about 160 min and stage 3 from about 160 min until the end.

compared to the output of a calibration heater
(instrumental response). The approaches to the
calculation of rate constants from calorimetric
traces have been dealt with theoretically by Beezer
and Tyrrell (1972) and Hunt et al. (1972). The
shape of the pt curve obtained in this work is not
typical of an adsorption process, since the deflec-
tion from baseline persists for a considerable
period. The application of theories for the calcula-
tion of rate constants in the current experiment is
not straightforward; we remain uncertain as to
whether the experiment is correctly described as a
batch or flow experiment (see Buckton and Beezer
(1988) for discussion of this point).

In the paper by Buckton and Beezer (1988), a
non-ideal but simple method was used to describe
an apparent rate constant. This involved compar-
ing the difference in the displacement from base-
line for the test sample and a blank sample (empty
cell) at various time intervals. A plot of In(dis-
placement difference) as a function of time yielded
an apparent first-order rate constant. The mod-
ified approach (Buckton and Beezer, 1988) was
required because of the existence of only a small
difference between the test and blank samples
making the accepted approach (see Beezer and
Tyrrell (1972) and Hunt et al. (1972)) unworkable.
In this work, the atypical shape of the responses,

together with their extended duration makes mea-
surements of differences in area difficult. Conse-
quently, Fig. 3 is a plot of In(difference in dis-
placement between blank and test) — shortened to
‘displacement’ — as a function of time, as used
before. The results for only one sample of each
type of material are plotted, these are representa-
tive of the other samples.

Discussion

The sorption isotherms tend towards a type 11
physical sorption model (Figs 1 and 2). For the
starch samples, at any given RH, potato starch
sorbs a greater quantity of water than either wheat
or maize starch, which have essentially identical
isotherms. It has been established that tuber
starches, such as potato starch, have more free
cellulose hydroxyl groups available to bond with
water than do cereal starches (Sair and Fetzer,
1944), this may account for the differences in
sorption.

The Avicel samples all sorb very little water at
low humidities, over which region there is little
difference between the powders. At humidities
greater than 80% RH, the sorption is increased
significantly, and much enhanced for the samples



containing sodium carboxymethylcellulose. Sodi-
um carboxymethylcellulose is composed of
amorphous cellulose, the crystalline portion being
eliminated during the manufacturing process: this
gives a greater capacity for water sorption and
explains the increased levels of uptake. The quan-
tity of water sorbed to the MCC samples at nor-
mal ambient humidities is reported to be approx.
5% (FMC information sheet), this is in keeping
with the results reported here.

The values for the thermodynamic functions of
sorption (Table 1) would suggest that the values of
AG are essentially identical. However, the level of
accuracy and reproducibility was extremely high,
such that even though there was no significant
difference between the maize and wheat starches,
the difference between these two starches and
potato starch was significant. Statistical analysis
of the MCC results revealed that a significant
difference existed between PH-101 and the other
two MCC samples, but not between RC-581 and
CL-611.

It can be observed that the maize and wheat
starches (which sorb identical quantities of water;
Fig. 1), have higher values for AG than potato
starch, which sorbs the largest amount of water.
For the MCC samples, the values of AG rank
inversely to the relative affinity for water (Fig. 2).
It is reassuring that all the sorption results fit in
with expected rankings, but surprising that this
does not have a more profound effect on the
ultimate value of AG.

For the adsorption of water onto crystalline
drug samples it has been our experience that the
enthalpy term will be in the order of magnitude of
—5 to —30 kJ/mol (Buckton and Beezer, 1988;
Buckton et al., 1988); the values obtained for the
enthalpy of sorption reported here (Table 1) are
significantly lower than this range. These 4, H
values (approx. 600 J mol ') are overall changes,
that is they reflect the sum of all enthalpy changes
that occur throughout the entire sorption process.
If the model of water sorption that has been
suggested for starches and celluloses (see Intro-
duction) is correct, then a three-stage process is to
be expected (i.e. one water molecule binding be-
tween two anhydroglucose units, followed by one
water molecule binding to each anhydroglucose
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unit and finally the sorption of loosely bound
water). As will be discussed below, the results
presented in this work provide further evidence to
support a three-stage process (see Fig. 3). It is,
therefore, to be expected that the total enthalpy
change will be a sum composite value that in-
cludes the enthalpy change associated with the
formation and breaking of many hydrogen bonds
(the enthalpy of formation of each individual bond
being in the order of —5 to —30 kJ/mol) and as
such it is not surprising that the values of A, H
are lower than for the less complex adsorption of
water onto a crystalline solid. In keeping with the
model that has been proposed in previous studies
(e.g Buckton and Beezer, 1988), the most hydro-
philic samples (potato starch and Avicel CL-611)
have a smaller negative value for 4,, H than the
less well wetted samples. This apparent incon-
sistency has been explained in terms of a domi-
nant entropic factor (Buckton and Beezer, 1988).

The values for the entropy change due to the
water sorption also are composite values for the
three defined stages. The magnitude of the ent-
ropy change cannot be used to describe the degree
of ordering at any one stage of the process, but
only the sum of the three stages. Experiments to
provide the necessary information on each sep-
arate stage are described below.

Fig. 3 demonstrates that the kinetics do not
approximate to first order, as would be expected
for any simple sorption process. The kinetic pro-
file clearly fits into three distinct regions; there is
an initial rapid sorption process, followed by a
very slow stage and then a final more rapid region
moving towards equilibrium. If these results are
fitted to the model that was outlined in the Intro-
duction, the initial response coincides with the
binding of one molecule of water between two
anhydroglucose moieties (about 10% water con-
tent), the protracted slow process equates to the
breaking of water/anhydroglucose bonds and the
formation of a one water molecule to one
anhydroglucose binding site stoichiometry (which
occurs at about 19% water content), with the final
rapid process being the sorption of loosely bound
water. It is obvious that the sorption process will
not follow this mechanism exactly, because these
three stages will not be entirely discrete, there will
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be some overlap between the three processes. The
kinetic data do, however, support the argument
that water sorption to such systems is a three-stage
process.

The obvious extension to the work, which may
provide further evidence for the proposed mecha-
nism, is to redesign the calorimeter cell to achieve
the sorption conditions which allow the sample to
be titrated with small quantities of water vapour.
it would then be possible to obtain the thermody-
namic functions for adsorption after 10% water
sorption, and then to allow a rise to 19% water
content (2:1 and 1:1 stoichiometries of anhydro-
glucose units to water, respectively), before bring-
ing the surface to final equilibrium. Such a titra-
tion of the surface would allow enthalpies for the
proposed individual binding mechanisms to be
calculated, and for the kinetics to be examined in
more detail and thus more clearly defined. It
would be expected that for the first stage of the
sorption process in which water binds to the
anhydroglucose with a 2:1 stoichiometry, for ex-
ample, that an enthalpy change would be observed
that reflected the formation of many bonds with
an enthalpy of formation of -5 to —30 kJ /mol,
similarly a large change in entropy may be ex-
pected at this stage. As the quantity of water
exposed to the sample increased the corresponding
thermodynamic changes could be calculated. The
final sum of the changes obtained by such a
titration should be equal to the values reported in
Table 1 of this work (analogous to Hess’s Law).

Conclusions

The studies on the starch and MCC powders
demonstrate two points:

Firstly, the results are consistent with the pro-
posed mechanism for the complex series of events
that occur when the powders are exposed to water.

Secondly, the experiments demonstrate that the
combination of the vacuum microbalance and the
microcalorimeter has a potential for application to
the studies of sorption to a wide variety of sample
types. These studies yield information which pro-
vides detail not only on equilibrium thermody-
namics, reflecting the total changes that occur, but

also on the mechanism by which the process oc-
curred (via kinetic interpretations). The values for
the enthalpy change reported here are consistent
with the formation and breaking of many hydro-
gen bonds.
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