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Abstract

Thermoporometry is widely used for measuring pore size distribution in porous materials by differential scanning calorimetry based on
melting point depression and the Gibbs–Thomson effect shown by a liquid contained in the pores. However, measurements on water-swollen
cellophane showed that the shapes of heat flow vs. temperature plots (and, therefore, derived pore size distributions) changed with heating
rate. Results obtained in heating were the product of two sequential and overlapping effects: an endothermic melting of the smallest ice
crystals within pores in the film, followed by diffusion of the water and an exothermic re-freezing on larger crystals at the film surface. This
caused the volume of larger pores to be underestimated or missed completely. In contrast, diffusion out of the smallest pores preceded
freezing for measurements on cooling, so only the larger pores were observable.

The rate of diffusion was estimated as 1× 10213 m2 s21 from the quantities of ice in pores and at the film surface observed at different
heating rates. The value obtained was much slower than expected for water-swollen cellulose, but consistent with water diffusion through dry
cellulose, suggesting that the film surface had been ‘freeze-dried’ during the measurements.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermoporometry is a method for measuring pore size
distribution, based on the depression of melting temperature
of materials constrained within small pores [1]. Measure-
ments are relatively easily made by differential scanning
calorimetry (DSC) and can be performed on fragile samples
containing pores of 2–50 nm radius, which cannot be
readily studied by other methods [2]. It is particularly well
suited for studying swollen samples. Thermoporometry has,
therefore, become a popular tool for measuring pore size
distribution in polymer membranes —as illustrated in
reviews by Nakao [3] and Kim et al. [4] and numerous
publications by other authors [5–12].

2. Development of thermoporometry

The depression of melting temperature experienced by
substances constrained in small pores is well known. In
1920 Tammann described an apparatus for studying melting
point depressions for thin films of materials [13]. Using this

apparatus, Meissner observed small depressions of melting
temperature for crystals about 0.8mm thick [14].

In 1932 Kubelka [15] reported that iodine absorbed into
porous carbon remained liquid at room temperature (normal
melting point for ‘bulk’ iodine is 386.6 K) and proposed an
explanation based on the effect of surface energy on the
stability of small crystals. The effect of surface energy on
melting temperature (known as the Gibbs–Thomson effect)
has been discussed in detail by Reiss and Wilson [16], Still
and Skapski [17] and Woodruff [18]. Skapski successfully
applied the theory to the formation of ice crystals in clouds
at different degrees of undercooling [19].

The first suggestions that melting temperature depression
could be used to study pore sizes were made by Kuhn et al.
in 1955. These authors demonstrated melting temperature
depression of about 2 K for water in poly(vinyl aclohol)–
poly(acrylic acid) gels [20] and 5 K for benzene absorbed in
lightly cross-linked rubber [21]. They also observed the
migration of solvent between freezing experiments.
However, their rather limited apparatus prevented quanti-
tative measurements.

A detailed theoretical basis for thermoporometry was
established by Brun et al. in 1977 [1]. Starting from an
application of the Gibbs–Duhem equation to the solid,
liquid and vapour interfaces and making some reasonable
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assumptions concerning bound layers of liquid which did
not undergo phase changes, they established that the pore
radius (Rp) and differential pore volume�dV=dRp� could be
calculated from the melting point depression (DT, which is
negative for lowered melting temperature) and heat flow
�dq=dt�: The equations derived by Brun et al. [1] were:

Rp � A 2
B
DT

�1�

dV
dRp

� k�DT2��dq=dt�
DHa�T� �2�

where k is a ‘calibration constant’ accounting for the
instrument sensitivity, sample mass and heating rate. The
apparent heat of fusion,DHa(T), was temperature
dependent:

DHa�T� � DHf 1 CDT 1 D�DT�2 �3�
whereDHf is the heat of fusion for the penetrant liquid under
normal conditions (332 J g21 for water). The numerical
values of the constantsA to D depended on whether the
measurements were made in heating or cooling, pore
geometry and penetrant liquid. The values obtained by

Brun et al. for water and benzene, forRp expressed in nano-
metres andDHa in J g21, are shown in Table 1. The validity
of their model was checked by comparing thermoporometry
measurements with pore sizes determined by the nitrogen
adsorption–desorption method devised by Barrett et al. [22].

For the present study, water was used as the penetrating
liquid, since the characteristics of the swollen membranes in
an aqueous environment was of interest to us. Pore radius
was calculated on the assumption of cylindrical pore shape.
This is unlikely to be absolutely correct, but is believed to be
a reasonable approximation for the elongated voids
expected within the cellophane films used in this study. It
is also consistent with assumptions of pore shape made by
other workers using thermoporometry [3–6,9–11] and other
techniques [23,24] to study porosity in regenerated cellulose
and other polymer membranes. Indeed, by comparing
melting and freezing heat flow vs. temperature curves,
Quinson et al. [12] confirmed the validity of the cylindrical
pore model for a polycarbonate membrane.

3. Interactions of water with cellulose

The effects of moisture on cellulose are quite dramatic,
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Table 1
Numerical values for constants in Eqs. (1) and (3) (after Brun et al. [1])

A (nm) B (nm K) C (J g21 K21) D (J g21 K22)

Water, heating in cylindrical
pores

0.68 32.33 11.39 0.155

Water, cooling or spherical pores 0.57 64.67 7.43 0.0556
Benzene, heating in cylindrical
pores

0.92 65.8 2.94 0.0273

Benzene, cooling or spherical
pores

0.54 131.6 1.76 0.00887

Fig. 1. Heat flow vs. temperature plots for wet cellophane at different heating rates: pore water (peak 1); bulk water (peak 2). Heating rates: 0.62 K min21 (curve
a); 1.25 K min21 (curve b); 2.5 K min21 (curve c); 5.0 K min21 (curve d).



causing extensive swelling with corresponding changes in
mechanical properties. For example, it is well known that
regenerated cellulose fibres (e.g. rayon and lyocell) have
lower strength and modulus in the wet state compared
with the ‘conditioned state’ of ambient moisture levels
(typically about 10% water by weight). The plasticising
effect of water in regenerated cellulose has been demon-
strated by Stratton [25] and by Bradley and Carr [26],
using dynamic mechanical analysis (DMA), and by Baum
[27] and Hongo et al. [28] using thermally stimulated depo-
larisation current (TSDC) analysis. A comprehensive study
of structural and mechanical changes due to moisture in
cellophane has been reported by Yano and Hatakeyama
[29]. Most of the absorbed water is assumed to be held
within pores or amorphous regions of the cellulose;
however, Yano and Hatakeyama [29] and other authors
[30–32] have presented evidence that water was also able
to diffuse into cellulose II crystals (the crystalline form
usually present in regenerated cellulose) under some condi-
tions.

DSC studies have played an important part in investigat-
ing the interactions between water and cellulose [33–45]. It
has been found that water absorbed by cellulose can be
classified into three distinct but interchangeable types:

1. ‘Bulk’ water was observed with a melting point at
273.15 K. This was interpreted as water outside the cellu-
lose structure, so the melting temperature was not
affected by interaction with the cellulose or the Gibbs–
Thomson effect inside pores.

2. Some water was characterised by a melting temperature a
few degrees below 273.15 K. Two explanations have
been offered for this depression. Hatakeyama et al.
[33–38] and others [39–43] suggested that the melting
temperature depression was due to ‘weak interaction’
between water and cellulose chains. Taniguchi and Hori-
gome [44] offered a similar interpretation for a low
temperature melting peak for water in cellulose acetate.
In contrast, Berghoff and Pusch [45] interpreted this as
water held within pores, with the melting temperature
being depressed by the Gibbs–Thomson effect. The latter
interpretation has been assumed in the present work, for
reasons, which are discussed below.

3. ‘Non-freezing’ water was identified as the difference
between the total water (e.g. measured gravimetrically,
by drying to constant weight) and water in the previous

two categories, which was quantified from the heats of
melting observed by DSC. Non-freezing water was
generally assumed to be intimately hydrogen-bonded to
cellulose chains. Hatakeyama et al. [36] reported about
0.4 g of this water per gram of cellulose in regenerated
film, while Higuchi et al. [43] reported 1.06 g g21.

Higuchi et al. [43] also observed that the relative amounts
of bulk and pore water indicated by the heat-flow vs.
temperature plots depended on the heating rate used in the
DSC experiment. This was ascribed to the re-freezing of
water melted below 273.15 K, given sufficient time, and
its subsequent re-melting along with bulk water. If bulk
water existed outside the cellulose sample, while the pore
water was contained within the cellulose, re-freezing would
appear to involve migration of water from within the cellu-
lose during the DSC experiment, along the lines proposed
by Kuhn et al. [20,21].

Clearly, water migration and corresponding changes in
shapes of heat-flow vs. temperature plots with DSC heating
rate pose a serious problem to thermoporometry studies.
The present work was carried out to investigate the scale
of this problem. Water migration during the DSC experi-
ment is also discussed in relation to the structure of cello-
phane and other studies of water diffusion through
regenerated cellulose.

4. Experimental

DSC measurements were made using a Perkin–Elmer
DSC-2 with a controlled cooling accessory to cool the
block to 203 K. Pieces of regenerated cellulose film
(uncoated cellophane manufactured by UCB Films Plc.
Wigton) were washed in water, to remove plasticiser, and
stored wet until required.

Wet film samples (1–5 mg, after removing surface water
with a tissue) were sealed in tared aluminium DSC pans.
The temperature was dropped rapidly to 230 K, then held
for several minutes to freeze the water, as indicated by an
exothermic peak. The samples were then heated (at a rate of
10 K min21) to the required starting temperature (250.0 or
272.0 K). Heat flow measurements were usually made while
the samples were heated from 250.0 to 276.0 K against an
empty pan as reference. For comparison, some measure-
ments were also made as the samples were cooled from
272.0 to 250.0 K, following the method reported by
Ishikiriyama et al. [6]. The instrumental baseline was
checked using two similar empty pans; temperature and
heat flow calibrations were checked with water.

After completing the DSC measurements, the sample
pans were re-weighed (to check that water had not escaped
during the experiment). The sample pans were punctured
and then dried to constant weight in an oven at 393 K, to
determine the total weight of water which had been
contained in the sample.
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Table 2
Description of sample used in water migration measurements

Sample weight (mg) 1.71
Weight of cellulose (mg) 0.57
Weight of water
(gravimetric) (mg)

1.14

(DSC) (mg) 0.81
Sample diameter (mm) 5
Sample thickness (mm) 65



5. Results

Below 260 K, the heat flow vs. temperature plots closely
followed the instrumental baseline, which was essentially
straight, horizontal and featureless. Above this temperature,
two endotherms were observed, ascribed to water in pores
(about 269–271 K) and bulk water (about 273–275 K). In
order to compensate for thermal lag, measurements were
made at several heating rates (0.62–5 K min21) and extrapo-
lated to isothermal conditions. Typical results are shown in
Fig. 1.

As well as shifting to higher temperature with faster heat-
ing rates (due to thermal lag in the instrument and sample),

the heat flow vs. temperature plots changed shape. The area
of the lower temperature melting endotherm (corresponding
to water inside pores) increased in proportion from the slow-
est heating rate (0.62 K min21) to the fastest (5 K min21). A
small negative peak was also observed (about 271–272 K)
during some of the heating runs.

The amounts of water melting were quantified from the
peak areas using Eq. (3) and plotted against the time taken to
heat between the two peaks at different heating rates (Fig.
2). The total water apparently remained constant�0:81^
0:04 mg�; while the proportion observed in the lower
temperature peak increased and that in the bulk water
decreased with heating rate.
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Fig. 2. Quantities of water melting observed in pores (curve a) and bulk (curve b) at different heating rates (for sample description, see Table 2).

Fig. 3. Isothermal heat evolution (heating interrupted at 270.0 K).



The balance between water melting in pores and bulk
water suggested a migration from one melting domain to
the other. The transfer from pore water to bulk water
appeared to follow an exponential decay, which would be
consistent with a diffusion process. The curves shown in
Fig. 2 were obtained by manually fitting the following
models, which are based on first order kinetics for the
transfer of water out of pores and into the bulk, to the
experimental data:

Water in pores�in mg� : Qpore� 0:65 exp{2 t=550} �4a�

Bulk water�in mg� : Qbulk � 0:181 0:65

� �1 2 exp{ 2 t=550}� �4b�
wheret is the time in seconds to heat between the two peaks.
The significance of these models will be discussed below.

Stopping the heating near the end of the lower peak
(270.0 K) was followed by heat evolution, and a gradual
return to the baseline over several minutes (Fig. 3). The
first part of the curve with negative slope (up to about

25 s) represented the instrumental response; the second
part, with positive slope, was interpreted as water migrating
and re-freezing. The rate�dQ=dt� at which the water re-froze
was determined from the heat flow and the apparent heat of
fusion (taken as 310 J g21 at 270.0 K, from Eq. (3). A plot of
ln{dQ=dt} vs. time for the data from about 20 to 430 s is
shown in Fig. 4. The results fell on a curve, indicating that a
single exponential model was not sufficient, in this case. The
isothermal temperature chosen (270.0 K) was equivalent to
melting water in pores of radius less than approximately
11 nm; water in pores larger than this would have remained
frozen. It is possible, therefore, that re-freezing could have
occurred in a range of larger pores within the cellophane as
well as at the film surface, which might explain why a more
complex model appeared to be required in this case.

The migration of water out of the pores was confirmed by
re-freezing and re-measuring the sample after partial
melting. After interrupting the heating run at 270.0 K, the
separate low temperature peak associated with water in
pores was not observable in the re-measured sample (Fig.
5), although a small amount of water with slightly depressed
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Fig. 4. Plot of ln{water recrystallisation rate} vs. time.

Fig. 5. Effect of interrupted heating on pore water peak: (a) represents first and last melting curves; and (b) represents after heating interrupted at270.0 K.



melting temperature (equivalent to ice in larger pores)
appeared as a low temperature tail on the peak associated
with bulk water. The bulk water peak increased slightly in
area, so that the total quantity of water melting again
remained constant.

The lower temperature peak reappeared after completely
melting, re-freezing and re-measuring the sample within a
few minutes, so that the ‘first’ and ‘last’ traces were almost
identical. Clearly, the return of water into the pores was also
a fairly quick process, at least with the cellophane studied
here, although no attempt was made to measure the rate.

The similarity between ‘first’ and ‘last’ traces indicated
that the pore size distribution in the cellophane was not

changed between repeated measurements, suggesting that
the pores were not damaged by the volume increase asso-
ciated with water freezing. Several possible explanations for
this may be suggested. Cellophane is actually manufactured
in a highly water-swollen state, which collapses on drying.
The resulting film is reasonably elastic, with its thickness
increasing more than twofold during free swelling with
water from ‘dry’ to ‘saturated’ conditions. So the volume
increase associated with ice formation may have been
accommodated by pores ‘stretching’. Also, some water
may have escaped during freezing so that the pores were
not completely filled prior to starting the measurements.
However, the validity of these suggestions cannot be
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Fig. 6. Effect of interrupted heating on pore water peak: (a) represents first melting curve; and (b) represents after heating interrupted at 267.5 K.

Fig. 7. Effect of thermal lag at different heating rates: (a) represents end of bulk water melting endotherm; (b) represents peak of bulk water meltingendotherm;
(c) represents heat flow minimum; and (d) represents peak of pore water melting endotherm.



assessed from the present results and may become the
subject for further investigations.

In a separate experiment, a heating run was interrupted
part way through the low temperature peak at 267.5 K. This
caused a displacement of the first melting peak to higher
temperature in the subsequent re-measurement, as demon-
strated in Fig. 6. Again, water migration seems to have
occurred, but in this case re-freezing appeared to produce
larger ice crystals within pores rather than an increase in
bulk ice at the surface. The observed change in peak
temperature (from 268.7 to 270.1 K) corresponded to an
increase of apparent pore radius (based on Eq. (1)) from
8.0 to 11.3 nm. Again, this may demonstrate the elasticity
of cellophane, or incomplete filling of pores at the start of
the measurements, allowing for an increase in crystal size.

Since the relative peak areas changed with heating rate,
slow heating could not be used to avoid thermal lag during
thermoporometric measurements. Instead, a small sample
size and a temperature correction were preferred. It was
observed that thermal lag caused a temperature offset in
the heat flow plots which was approximately constant across
the measurement temperature range (Fig. 7). Hence, a
reasonably accurate melting temperature depression could
be obtained by measuring from the end of the bulk water
melting peak. Using this temperature correction, pore size
distributions, calculated from heat flow measurements made
in heating and cooling are compared in Fig. 8.

The measurements made on heating suggested a fairly
narrow pore size distribution in cellophane, with a peak at
a radius of around 6 nm. In contrast, the measurements
made on cooling suggested a much broader distribution
containing larger pores and a maximum at a radius of
about 10 nm. Most of the pore size distribution indicated
by measurements made on heating appeared to be missing
from the cooling result and vice versa. Our interpretation of
these differences is again based on the migration of water. In
the case of measurements during heating, the water melted
in the smallest pores, diffused out and re-froze in larger

pores or as part of the bulk water. The heat given out by
the re-freezing then obscured water melting in larger pores.
In contrast, when measurements were made on cooling, as
water froze in the larger pores first it was allowed to migrate
out the smallest pores, which were consequently not detected.

Alternative explanations may be proposed based on
supercooling or slow nucleation in smaller pores, but
these do not appear to fit the observations so well. Firstly,
as thermoporometry measurements made during cooling
detected water in large pores before small pores, any
delay in water freezing should cause an apparent shift to
smaller pore size, whereas the opposite was observed.
Secondly, Ishikiriyama et al. [6] reported good agreement
between pore size measurements by a nitrogen gas adsorp-
tion–desorption method and thermoporometry measure-
ments during both heating and cooling, for water in a
range of polymer membranes. These observations demon-
strated that the supercooling of water was not a constraint in
detecting pores comparable to or smaller than those
observed here in cellophane. Further, it has been suggested
that hydrophilic polymers, such as cellulose, may act as
heterogeneous nucleation catalysts for ice formation [11].

After completing the DSC measurements, the samples
were dried to determine the amounts of water and cellulose.
The water determined gravimetrically consistently
exceeded that from the DSC measurements, by about 0:5^

0:2 g water g21 cellulose. This result agreed better with the
quantity of non-freezing water reported by Hatakeyama et
al. [36] (about 0.4 g g21) than that reported by Higuchi et al.
[43] (1.06 g g21). However, it is not clear whether the differ-
ences between these results reflect structural differences
between the samples studied or errors caused by problems
in the measurement method.

6. Discussion

The presence of so-called ‘bound water’ which does not
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Fig. 8. Comparison of pore size distribution measurements for cellophane; measurements made during heating (curve a) and cooling (curve b).



freeze within cellulose is widely accepted [29,33–43,46].
Although cellulose does not dissolve in water, it does inter-
act strongly and the non-freezing component is believed to
represent a layer one or two molecules thick, hydrogen-
bonded to cellulose. Similar behaviour has been observed
with water absorbed in other polymers [7,44,45,47–49].
Indeed, bound solvent which does not freeze is accounted
for in the thermoporometry method established by Brun et
al. [1].

In contrast, interpretation of the low temperature melting
peak has remained open to debate. Following suggestions
which appear to have been made first by Taniguchi and
Horigone [44], Hatakeyama et al. [33–38] and others
[39–43] have ascribed the low temperature melting peak
to water ‘weakly interacting’ with cellulose, but without
presenting any detailed description. By analogy with the
non-freezing water, adjacent layers of water molecules
might experience ‘second-hand’ the effects of the polymer
surface, particularly hydrogen bonding to hydroxyl groups,
placing constraints on molecular motion and packing.
However, it is not clear, how such an interaction could
explain the changes in the DSC measurements, which
were observed following partial melting of samples in the
present work. In particular, diffusion of some water out of
the cellulose to form bulk ice might be expected to increase
the interaction between cellulose and the remaining
absorbed water, hence lowering its melting temperature;
whereas, the converse occurred. In contrast, melting point
depression based on the Gibbs–Thomson effect for water in
pores can easily explain these observations. As water was
melted in the smallest pores first, it migrated to larger pores
or the surface. Here, the water re-froze, since ice was still
the thermodynamically preferred state. In these larger
crystals, the melting point was higher because the surface
to volume ratio was lower.

The nature of water absorbed by polymers has been the
subject of several investigations, which generally favoured
an explanation of melting point depression based on the
Gibbs–Thomson effect. Burghoff and Pusch [45] reported
a relatively high heat capacity for water exhibiting a
lowered melting point in cellulose acetate membranes,
suggesting molecular motion comparable to that of bulk
water, rather than constrained like bound water. Similar
results were also reported by Ishikiriyama and Todoki
[47] for water in poly(methylmethacrylate) hydrogel
membranes. Using1H NMR, Yamada-Nosaka et al. [48]
showed that the ‘intermediate’ water was about 1000
times more mobile than the bound water in methacrylate
gels, while the latter still gave a liquid spectrum. Although
exchange between ‘intermediate’ and free water in
poly(hydroxyethylmethacrylate) appeared to be relatively
slow on the NMR timescale [48], Matsamura et al. [49]
reported relatively fast exchange between bound and free
water in cellulose acetate.

Melting point depressions have also been observed for
water and other liquids in a wide range of polymers and

porous solids [1–15,20,21,44,45,47–53]—including
combinations where interactions between the porous solid
and penetrant liquid are much weaker than between
cellulose and water. Jackson and McKenna [53] observed
melting point depressions of up to about 36 K for various
hydrocarbons in porous glass. Clearly, since only dispersion
forces could be operating between the glass and these
penetrant liquids, the Gibbs–Thomson effect would appear
to offer the best explanation for the melting point
depressions observed.

The migration of water out of pores appeared to be a
constant feature of DSC measurements on cellophane
saturated with water. This is consistent with earlier results
presented by Higuchi et al. [43]. The migration of water out
of gels during freezing has been discussed in detail by
Scherer [50]. Indeed, the migration of benzene and water
out of swollen polymer gels during freezing was reported in
1955 by Kuhn et al. [20,21]. Since this effect appears to be
caused by mobile penetrant liquid in pores, at temperatures
below the ‘normal’ melting point, possibly in combination
with crystals of the frozen penetrant (e.g. in larger pores or
at the surface), it might be expected frequently—if not
always—during thermoporometry. However, we believe
this is the first time there has been any attempt to quantify
the rate of water migration out of the sample and to discuss
the effect in terms of sample structure and other diffusion
measurements.

The cross-section structure of cellophane has been
investigated by several authors using a variety of techniques
[54–61]. The results of these investigations are not entirely
conclusive and have been interpreted in different ways.
From our interpretation of the published data, augmented
with some (presently unreported) studies of our own, it
appears that cellophane has a differentiated layer structure,
with a porous central core sandwiched between relatively
dense surface ‘skin’ layers up to about 1mm thick. It seems
likely that the postulated movement of water during the
DSC measurements took place from the porous core through
the ‘skin’ and re-freezing occurred as water from pores
contacted ice crystals at the surface.

Our data showed that water moved from the pores to the
bulk ice crystals according to the Eqs. (4a) and (4b), for the
sample described in Table 2. The pre-exponential factor
represents the quantity (in milligrams) of water available
to migrate. The constant 0.18, in Eq. (4b), suggests that
this amount of bulk water (also in milligrams) existed at
the surface, prior to water migration from pores. The rate
of water migration can be obtained by differentiating Eq.
(4a):

Rate of migration:
dQp

dt
� 20:65

550
exp{ 2 t=550} �5�

At time t � 0; this gave a rate of migration of21:2 ×
1026 g s21 (the negative sign indicating movement away
from the pores), for the sample described in Table 2. Assu-
ming diffusion through a dense skin region 1mm thick to be
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the rate determining factor, fitting the results obtained to
Fick’s first law of diffusion:

dQ
dt
� 2DA

dc
dx

�6�

where A is area through which diffusion took place and
dc=dx is concentration gradient, gave a value of about 1×
10213 m2 s21 for the diffusion coefficient,D.

This is too small, by a factor of 103, for the diffusion
coefficient of water in highly swollen cellophane. Yasuda
et al. [62] reported a value of 3:2 × 10210 m2 s21 for water
in swollen cellophane; Brown and Chitumbo [63] also
obtained a value of 4:1 × 10210 m2 s21 for water in swollen
cross-linked cellulose gel. Our own (presently unreported)
measurements using FTIR-ATR and field gradient NMR
spectroscopy gave values of 5:6 × 10210 and 9×
10210 m2 s21

; respectively for the diffusion coefficient,
with the differences being attributable to the cellophane
skin–core structure.

However, it seems likely that the cellophane ‘skin’ may
not have been in a highly swollen state during the DSC
experiments. Instead, water may have drained out of the
‘skin’ as ice formed at the surface and in pores in the core
during the initial freezing step. This process would be
assisted if the freezing point of water was strongly
depressed in the surface layer, either because of the very
small size of pores or through direct interaction with cellu-
lose chains. In fact, this effect was observed by comparing
pore size distributions measured on heating and cooling
(Fig. 7).

The migration of water during DSC experiments probably
took place through freeze-dried cellulose. The diffusion
coefficient for water in cellulose at relatively low levels of
hydration (up to 0.45 g g21 water in cellulose) has been
measured by several authors. Ebrahimzadeh and McQueen
[64] reported values between about 3× 10214 and 3×
10213 m2 s21

; for cellophane film containing plasticiser;
Kawaguchi et al. [65] found diffusivity increased from
about 2× 10215 up to 8× 10213 m2 s21 for partially cross-
linked cellophane over a range of moisture levels. In the
earliest work, Newns [66] reported diffusion coefficients
ranging from 1× 10214 up to about 2× 10212 m2 s21 for
saponified cellulose acetate film. These values are more
consistent with the diffusion coefficient measured in the
present work.

Regarding pore size measurements, it is clear that
thermoporometry results must be viewed with caution.
The peak in the pore volume distribution for water swollen
cellophane at a radius of about 6 nm, indicated from
measurements during heating, and the tail in the distribution
extending towards 50 nm radius, indicated from results
during cooling, may both have been real. However, changes
in shapes observed for the heat flow vs. temperature plots at
different heating rates and a comparison of the pore size
distributions from heating and cooling measurements
demonstrated that the results were significantly affected by

measurement conditions. As such, they cannot be regarded
as absolutely correct.

7. Conclusions

The observation by DSC of a low temperature water
melting peak in wet cellophane was due to the Gibbs–
Thomson effect. This is consistent with the interpretation
given by Burghoff and Pusch [45] and others [47–49] for
low temperature water melting peak observed in cellulose
acetate and other polymers.

A pore size distribution with radii between about 5 and
50 nm was indicated for water-swollen cellophane.
However, the exact distribution could not be determined
with any confidence, since the results changed dramatically
with experimental conditions.

While the Gibbs–Thomson effect gives a relationship
between crystal size and melting point, there can be
problems in using melting point depression to measure
pore size distributions (thermoporometry). In the present
work, migration and re-freezing of melted pore water
affected the shape of the heat flow-temperature plot during
DSC measurements made on heating. Similar results were
reported by Higuchi for water in cellophane [43] and by
several other authors for various combinations of porous
substrate and penetrant liquid [20,21,50]. Migration prior
to freezing also affected the shape of the heat flow-tempera-
ture plot for DSC measurements made on cooling. In either
case, parts of the pore size distribution were missing from
the calculated results.

There is no reason why the migration should only occur
during measurements. Indeed, it seems likely that migration
occurred during the preliminary freezing step, prior to
making any measurements, causing the cellophane ‘skin’
to dry out.

The water migration observed during the DSC measure-
ments was consistent with a diffusion process through a
surface layer of relatively dry cellulose about 1mm thick,
which separated the porous cellophane core from bulk water
at the surface.
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