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This paper examines phase transformations of water in wood and isolated wood cell wall components
using differential scanning calorimetry with the purpose of better understanding “Type Il water” or “freez-
able bound water” that has been reported for cellulose and other hydrophilic polymers. Solid loblolly pine
(Pinus taeda) milled pine, and holocellulose, cellulose, and lignin isolated from the same parent board
were tested. For each sample preparation, the freezing and melting of water was examined at 10-20
different moisture contents. Only one freezing peak was observed for most sample preparations; in these

g?%’f‘:roer:;;l scanning calorimetry (DSC) cases, the phase transformfation corresponded to the “Type I” or “free water” peak: The freezing a.nd
Wood melting temperatures of this Type I peak depended on moisture content, and appreciable undercooling
Cellulose (—30°C from bulk water) was observed at the lowest moisture contents. The isolated ball-milled cellu-
Wood-water relations lose exhibited a Type II peak, yet the Wiley-milled cellulose, from which the ball-milled cellulose was
Thermodynamics made, did not exhibit a Type Il peak. When present, the Type I peak is consistent with the homogeneous
Sorption nucleation temperature of bulk water. The results suggest that the detection of Type Il or freezable bound

water in wood may depend more on sample preparation than the chemical nature of the cell wall com-
ponent in question; a point not discussed by previous researchers describing Type Il water in hydrophilic

polymers.

Published by Elsevier B.V.

1. Introduction

The interaction of water with wood can cause durability issues
such as dimensional instability, splitting, checking, mold growth,
wood decay or corrosion of embedded metals. Traditionally, theo-
ries of moisture in wood partition water into two forms: “bound
water” that is held within the cell walls and “free water” that
exists in the lumina of the cells. The maximum amount of bound
water that the cell walls can hold is termed the fiber saturation
point (FSP) and occurs around 30% MC (moisture content) for most
wood species [1,2]. Many of the physical and mechanical prop-
erties of wood that depend upon moisture below FSP, such as
strength, shrinkage, and electrical resistivity are constant above
ESP or exhibit very slight changes [3]. Despite the importance of
FSP on wood properties, many of moisture induced wood durabil-
ity issues, such as mold growth or corrosion of embedded fasteners
occur at wood moisture contents well below FSP.
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Zelinka et al. [4] proposed a percolation model for ionic conduc-
tion in wood where the percolation threshold, which physically
represents the amount of water required to form a path of ioni-
cally conducting water in wood was below FSP. The percolation
threshold, 16% MC, was taken from radioactive tracer measure-
ments performed by Lin [5], who found that endogenous mineral
ions in wood only moved in the presence of an electric field if the
moisture content was greater than or equal to 16% MC. Several
other phenomena such as mold growth [6], corrosion of embedded
metals [7], and longitudinal shrinkage [8], also exhibit a thresh-
old or discontinuity below FSP around 15-20% MC, approximately
the same MC as the percolation threshold. Since these phenomena
require water, it is reasonable to think that there may be a third
type of water that behaves like free water below FSP.

The percolation threshold is consistent with previous nuclear
magnetic resonance (NMR) and differential scanning calorime-
try (DSC) measurements of water in wood and cellulose that
exhibit multiple types of water. Using NMR, researchers have
observed water with three different relaxation times which they
have classified as free water, bound water, and water with a
relaxation time between bound water and free water [9-12]. Exam-
ining hardwoods, Almeida et al. observed this intermediate water
appeared between 12-16% MC for sugar maple (Acer saccharum)
and beech (Fagus grandifolia) [10]. Nakamura et al. [13] used DSC to
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Fig. 1. Cellulose DSC curves presented by Nakamura et al. [6].
Reprinted with permission of Textile Research Journal.

examine water freezing in cellulose derived from wood and
observed three distinct types of water. The DSC curves of Nakamura
et al. are reprinted in Fig. 1 for reference. At low moisture con-
tents, no exotherm was visible upon water freezing, and Nakamura
et al. inferred that this water exists as traditional bound water. As
the moisture content was increased, a thermal event was observed
with a depressed freezing temperature (Peak II). At higher moisture
contents, a thermal event occurred at the freezing temperature of
water, and this thermal event is associated with free (unbound)
water (Peak I). Peaks I and II coexisted over a range of moisture
contents. Nakamura et al. referred to the water associated with
Peak II as “freezable bound water”. For clarity, we will refer to this
water as “Type II” water as this parallels nomenclature used by
other researchers who have argued that water in small pores gives
rise to a Peak Il in similar systems [14].

In further work, Hatakeyama et al. also observed Type Il water
in lignin extracted from Calocedrus decurrens [15]. What is espe-
cially interesting is the range of moisture contents over which Type
Il water appears; 12% for lignin and 12-24% for cellulose [13,15].
Other researchers have also observed two melting peaks in chem-
ically modified cellulose [16]. As stated earlier, many moisture
dependent wood properties also have threshold or discontinuous
behavior in this moisture content range. In short, it is possible
that the Type II water observed in lignin and cellulose may be
responsible for processes in wood ranging from ionic conduction
to corrosion of embedded metals.

Three previous papers examining the phase transition of water
in solid wood have been published although the Type II water of
Nakamura et al. has not been explicitly confirmed because these
papers looked at the melting behavior only [17-19]. Despite only
looking at melting curves, all three research groups inferred that
two types of bound water might exist in wood. It is therefore
instructive to contrast the physical picture of water in solid wood
measured by these researchers with the “Type II” physical picture
offered by Nakamura et al.

Simpson and Barton [17] examined the feasibility of using DSC
as an accurate method to measure FSP for 3 species: Eucalyptus
marginata, Eucalyptus diversicolor, and Pinus radiata. Specimens
were 1-3 mm thick and 3mm in diameter. The specimens were
rapidly frozen to —22°C and heated at a scan rate of 10°C min~!
until the temperature was greater than 20°C. A low temperature
shoulder was observed on the melting peak, which was attributed
to a type of water that was neither bound water nor free water.

Repellin and Guyonnet [19] used DSC to determine FSP in Fagus
sylvatica and Pinus pinaster and compared the results to those
obtained by volumetric shrinkage. Specimens, which weighed
between 2 mgand 5 mg and were less than 1 mm thick, were rapidly
frozen to —40°C and brought to 40°C at rate of 2°Cmin~!. Heating
curves were run in wood that was well above fiber saturation; the
area underneath the melting curve was attributed to free water.
Using an assumed enthalpy of 334] g~1, the mass of melting water
was determined, and the difference between this amount and the
total amount of moisture in the sample gave their imputed FSP.
Repellin and Guyonnet observed a “shoulder” on the melting peak
which they attributed to water freezing in pores and used the
Gibbs-Thompson equation to calculate the pore size.

Karenlampi et al. [18] examined the phase transformations of
water in 200 pm thick sections of spruce sapwood (Picea sp.) cut
on a sliding microtome. The final samples weighed between 5
and 20 mg and were cooled to —45°C at 10°Cmin~! before being
returned to 25°C at a rate of 5°C per minute, although some of
the specimens were held at —45°C for 6h to examine the effect
of “time-dependent freezing”. The authors invoke the concept of a
type of water between bound and free water to explain a freezing
point depression; however, it is unclear on what the authors base
this, as no calorimograms were presented, freezing temperatures
were not reported, and it is well known that bulk water frequently
supercools to temperatures below —15°C in DSC experiments for
kinetic (not thermodynamic) reasons [20].

In summary, the literature on the phase transformations of
water in solid wood invoke the concept of two types of bound
water, which is consistent with Nakamura’s observation of Type
Il water in cellulose. However, it needs to be emphasized that none
of the previous wood research has demonstrated (or tested) the two
peak freezing curve (i.e., Fig. 1), which was the basis for the parti-
tioning of water into the three types proposed by Nakamura et al.
[13]. We therefore sought to determine whether the Type II peak
observed in cellulose also exists in solid wood, and if so, whether
this Type Il water may help explain durability problems that arise
in wood below the fiber saturation point. This work explores phase
transformations of water in solid wood and isolated wood cell wall
components, with the goal of better understanding “Type II” water
and identifying in which cell wall components Type Il peaks can be
found.

2. Experimental procedure

A top-down approach was taken to explore the effects of poly-
mer structure on the freezing of water in loblolly pine (Pinus taeda).
Solid, Wiley-milled (40 mesh), and ball-milled pine were examined,
as were holocellulose, cellulose, and lignin. All material except the
solid pine came from the same parent source, which contained only
mature sapwood. Compositional analysis of the wood showed that
it had a cellulose/hemicelluloses/lignin ratio of 45/22/33 and con-
tained 9 wt% of extractives. The Wiley-milled and ball-milled pine
were tested “as is” and after being exhaustively Soxhlet extracted.
The different components and sample preparations are summa-
rized in Table 1 for clarity. For each sample preparation, the freezing
and melting of water was examined in 10-20 specimens at pre-
pared to have different moisture contents. To ensure that the
separate pieces of pine were similar, we Wiley-milled a portion of
the solid pine to 40 mesh for comparison. Similar behavior between
the two Wiley-milled woods tested suggested no apparent differ-
ences between these two sources of material (see Section 3 and
Table 2).

The ball-milled wood (from a previous study [21]) and isolated
cell wall components were prepared from a single piece of loblolly
pine. The wood was Wiley-milled until it passed through a 40 mesh
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Table 1

Summary of the sample preparations and cell wall components tested, along with the abbreviations and symbols used throughout the paper.

Symbol Preparation Full description
WM pine O Wiley-milled (40 mesh) Loblolly pine Wiley-milled to 40 mesh
BM Pine [ ] Ball-milled Loblolly pine Wiley-milled to 40 mesh and then vibratory ball-milled
WM(e) pine O Wiley-milled (40 mesh) Loblolly pine Wiley-milled to 40 mesh and then exhaustively Soxhlet extracted
BM(e) pine n Ball-milled Loblolly pine Wiley-milled to 40 mesh and then exhaustively Soxhlet
extracted and then vibratory ball-milled
Solid pine * Cut from solid wood Loblolly pine microtomed on 1 side and then cut to roughly 1 mm thick
Holocellulose O Wiley-milled (40 mesh) Holocellulose extracted from WM(e) Pine
Lignin > Ball-milled Lignin prepared from BM(e) Pine
WM cellulose A Wiley-milled (40 mesh) Cellulose extracted from Holocellulose
BM cellulose A Ball-milled Cellulose extracted from Holocellulose and then planetary ball-milled
Table 2 pan, lid, and hermetic seal. Afterward, water was added, and finally
Results of linear least square fits of the enthalpy data. the wood material before being hermetically sealed. After it was
Source Material Slope X- sealed, the sample was allowed to sit for at least 24 h before testing
Jg ™" intercept to allow for water redistribution within the sample. The mass of
(FSP) the sample and pan was determined prior to testing in the DSC.
Yelle et al. [21] Lignin (») 258 0.2 The cooling and heating curves were taken with Q200 and
WM cellulose (») 208 0.26 Q2000 DSCs (TA Instruments, New Castle, DE) with refrigerated
m\l/ch:ﬁil(ge) ) 5431411 g;g cooling systems (RCS) capable of cooling to —90°C. While —90°C
WM(e) pine (C) 243 0.28 was the lower limit of the RCS, it was found that the cooling sys-
BM cellulose (a) 226 0.28 tem could not keep up with the cooling rate below —70°C, which
BM Pine (@) 246 0.31 caused a deviation in the baseline. After optimizing the scan rate
BM(e) pine (M) 232 032 and temperature profiles, the following protocol was chosen. The
Average 236 specimen was held isothermally at 25 °C for 5 min. The temperature
Wood collection Solid wood (*) 226 0.27 was then decreased at 5°C per minute until the specimen reached
WM pine (not plotted) 232 0.26 —65°C, at which temperature it was held for an additional 5 min.

filter. Half of this material was then exhaustively Soxhlet extracted
sequentially through a series of the following solvents: distilled
water, methanol, acetone, and chloroform. The extraction was car-
ried out for 8 h with each solvent. Portions of the extracted and
unextracted Wiley-milled wood were then placed in a vibratory
ball mill. The ball milling was performed for 48 h with a repeating
pattern of 30 min of vibration followed by 30 min of rest.

Lignin was isolated from the ball-milled wood using the method
of Bjorkman [22] then lyophilized. Holocellulose was prepared
from the extracted Wiley-milled wood using the method of Wise
et al. [23] then lyophilized. Cellulose was prepared from the holo-
cellulose fraction using a similar method to that of Capek et al.
[24] then lyophilized. A portion (1g) of this cellulose was then
ball-milled in a Retsch (Newtown, PA) PM-100 planetary ball-mill
equipped with a 50 mL ZrO, cup and ZrO, balls using the follow-
ing parameters: 3 h with eight 10 mm balls plus three 20 mm balls,
600 rpm, 20 min interval, 10 min pause; 12 h with ten 10 mm balls,
600 rpm, 20 min interval, 10 min pause.

Solid wood samples were surfaced with a microtome on the
transverse surface, 1 mm was cut from the end of the specimen with
a precision micro-table saw, and this piece of wood was then split
with a razor blade into sub-pieces small enough to fit in DSC sample
pans. The solid wood was placed in the pan with the microtomed
surfaces face-down to be in contact with the thermal transfer sur-
face of the DSC.

All sample preparations (Table 1) were examined with light
microscopy to quantify particle sizes and other features. Unfortu-
nately, the ball-milled material was prone to clumping together
which made it impossible to take a statistically meaningful mea-
surement of the particle size distribution.

For all samples, care was taken to determine the mass as exactly
as possible, as small changes in the mass could have a large effect
on the calculated moisture content. All weighing was performed
on either a thermogravimetric analyzer (TGA) or dynamic vapor
sorption apparatus (DVS) that contained a balance with a precision
of 0.1 pg. Samples were prepared by first weighing the DSC sample

The specimen was then heated at 5 °C per minute until the temper-
ature reached 25 °C. The scan rate was chosen to match that used by
Nakamura et al. [13] who observed two freezing peaks in cellulose.

After the DSC measurements were taken, a small hole was poked
through the hermetic seal and the specimen was placed in an oven
at 105 °C for several hours. After oven drying, the sample was trans-
ferred to the TGA or DVS where it was held at 105 °C until the change
in mass was less than or equal to 0.0005% per minute (approxi-
mately 0.4 wg/min for an average sample). This mass was used to
calculate the oven-dry mass for the purposes of calculating mois-
ture content.

3. Results

The freezing behavior depended on whether the specimens had
been Wiley-milled or ball-milled. For Wiley-milled specimens, the
freezing temperature gradually increased with moisture content,
leveling off around 36% MC, and only one peak was observed. For
ball-milled specimens, the freezing onset temperature occurred
either near —45°C for low moisture contents or abruptly tran-
sitioned to near —20°C (same as bulk water) at high moisture
contents. To illustrate these behaviors, the freezing temperature as
afunction of moisture contentisillustrated in (Fig. 2). In some cases,
for ball-milled specimens, a clear peak was observable at —45°C,
and a broad, jagged peak occurred at higher temperatures, which
we will refer to hereafter as a “pseudo-Type II” behavior (Fig. 3 left).
The ball-milled cellulose clearly exhibited two freezing peaks (Fig. 3
right); notably, the Wiley-milled cellulose only exhibited one peak.
For the ball-milled cellulose, only one peak occurred at low mois-
ture contents, and as the moisture content increased, two peaks
were observed. At high moisture contents (not shown) only 1 peak
occurred. When the same sample was melting and refrozen, the
freezing curve retained both peaks in the same location.

Examples of freezing and melting curves are shown in Fig. 4
for holocellulose; the behavior for the other cell wall components
was similar. One thermal event was observed for all heating curves,
regardless of the freezing behavior. Both the peak temperature (the
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Fig. 2. Freezing temperature (onset) as a function of moisture content for WM(e)
pine (0J) and BM(e) pine (M). Other WM and BM specimens exhibited the same
trends.

peaks were too broad to repeatedly measure onset temperature) of
the thermal event and the enthalpy (area under the curve) varied
with moisture content. The freezing phase transition occurs at a
much lower temperature than the melting phase transition. This
can be explained by kinetic supercooling upon freezing. However,
the lowering of the phase transition temperature with moisture
content appears to be a true thermodynamic undercooling as it
appears in both freezing and melting and was found to be indepen-
dent of scan rate (data not shown).

The melting enthalpy (normalized to the mass of dry wood), as
a function of moisture content for all specimens tested, is shown in
Fig. 5. The data are linear; the slope represents the enthalpy of melt-
ing of free water, and the intercept represents the point at which
water ceases to freeze (i.e., the FSP). The data are bounded by lignin
on the left (least hygroscopic) and the extracted ball-milled wood
on the right (most hygroscopic). The slope and intercept of each
curve are summarized in Table 2. It is clear that the enthalpies are
lower than the enthalpy of pure water (333]g~1). The nearly iden-
tical slope and intercept of the Wiley-milled pine from the wood
collection and from Yelle et al. [21] suggests that the solid wood
can be combined with the other data for analysis.

The melting temperature (measured at the peak) as a function
of moisture content is shown in Fig. 6; the data are separated to
highlight differences. In all cases, a large undercooling occurred at
the lowest moisture contents to exhibit a melting endotherm. The
peak temperature was used as opposed to the onset temperature
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because of the broadness of the peaks. For all components, besides
the Wiley-milled and solid pine, there was a smooth transition
across moisture contents and the asymptotic limit at high moisture
contents was slightly lower than the melting temperature of bulk
water. The trend appears similar for these groups; however, the
data are spread out because there was a wide range of fiber
saturation moisture contents for these groups. However, when the
data were plotted so that the fiber saturation moisture content
was zero (a shift in the x axis), the data were positioned on a
single master curve (Fig. 6 inset). In contrast, the data for the solid
and Wiley-milled pine displayed bilinear behavior. Moreover, the
asymptote at high moisture contents sometimes occurred above
the melting temperature of bulk water.

4. Discussion

The purpose of this work was to examine the freezing of water
in wood and its cell wall components under a variety of preparation
methods, and also to see if Type Il water, which has already been
observed in cellulose and lignin, exists in solid wood. The investi-
gation yielded three major results: (1) the difference between cell
wall constituents in the enthalpy/moisture content relation (Fig. 5),
(2) the thermodynamic undercooling of the water melting temper-
ature (Fig. 6), and (3) the presence and behavior of Type Il water for
certain sample preparations (Fig. 3). These results will be discussed
in this order.

The slope of the melting enthalpy as a function of moisture con-
tent across all samples was constant at 240] g~!. The independence
of cell wall component and preparation and slope suggests that the
water undergoing the phase transformation is not interacting with
the sample and we attribute the phase transition to the melting
of free water in the samples. This independence may seem sur-
prising given that cell wall components are believed to have large
differences in the way they interact with water [2]. However, the
constant slope between components suggests that the characteris-
tics of free (unbound) water is the same for all cell wall components.
Likewise, no differences were found in the melting enthalpy in the
pine as the wood structure was removed in a series of steps from
solid pine to WM-pine to BM-pine. From these measurements it
appears the thermodynamics of free water are not affected by the
location within the wood. The measured enthalpy (240]g~1) was
appreciably less than that of bulk water (333]g~1). One possible
explanation for this is that part of the melting enthalpy is buffered
by the heat capacity of the remainder of the sample that does not
freeze. A practical implication of this finding is that when DSC is
used to investigate FSP, it is not sufficient to take a single measure-
ment at saturation (and an assumed slope of 333 ] g~1) to calculate
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FSP, as has been done previously [19] as this will lead to an overes-
timation of FSP.

The extrapolation of the enthalpy as a function of moisture con-
tent to the ordinate axis represents the moisture content at which
free water first appears - or FSP. Since the apparent FSP depends
on the method used to determine it, it is worthwhile to place the
enthalpy extrapolation in the context of other methods used to
measure FSP. Several researchers [3,25,26] have noted that the
pressure plate and polymer exclusion methods gave much higher
values for FSP than methods based upon extrapolating physical
properties that change below FSP but are nearly constant above
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FSP, such as electrical resistivity or shrinkage. While the enthalpy
extrapolation is similar to other physical property extrapolations
it is unique in that the property changes in the overhygroscopic
region and it is extrapolated to low MC. Interestingly, the range
of measured FSPs is similar to FSPs measured by extrapolation of
other properties from the hygroscopic region [3].

Where a sample was tested in both the Wiley-milled and ball-
milled states, the ball-milled specimens have a higher FSP. That
is, the ball-milled specimen was able to bind more water within
the polymer before saturation was reached when compared to a
Wiley-milled specimen. Likewise, where a Wiley-milled specimen
was tested in both extracted and unextracted states, the extracted
specimen had a higher FSP, although this effect was smaller in ball-
milled specimens. Lignin, known to be the least hydrophilic of the
wood polymers had the lowest FSP. Cellulose and holocellulose had
similar FSP values as the solid pine. While it is not surprising that
cellulose and solid pine could hold more water than lignin, the
data do highlight the effects of sample preparation. Specifically,
it appears that ball-milling not only creates smaller particle sizes,
but also exposes more hydrophilic functional groups on the poly-
mers so that they are able to hold more water through hydrogen
bonding.

All samples exhibited thermodynamic undercooling of the melt-
ing temperature, in some cases as much as 30°C. The melting
temperature depended on the total moisture content of the speci-
men, and approached the melting temperature of free water (0°C)
as the specimen moisture content increased. This large undercool-
ing has been observed in other biologically-derived substances that
interact with water such as processed cheese spreads [27] and milk
[28].In these systems, undercooling was described in terms of solu-
tion thermodynamics. Solution thermodynamic models included a
eutectic phase transformation to account for the undercooling.

Although similar to these food substances, the interaction of
wood and cellulose with water are traditionally fit only in the
hygroscopic region with sorption models (such as the BET [29] or
GAB [30] isotherm) as opposed to solution models. One possibility
for the difference in models used to describe water interacting with
these substances is that wood has a solid structure that can accom-
modate water, whereas milk is mostly water and approaches a solid
(cheese) from the liquid state. Likewise, the maximum moisture
content for solid wood is roughly 60 wt% water (or 150% moisture
content), and is determined by the amount of empty space in the
structure [31], and therefore, it is awkward to discuss “dissolving”
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wood into water. Most wood-water research has been focused on
the thermodynamics of going from 0 wt% water to ~30 wt% water.
In such regimes, sorption models are able to fit this behavior well,
although physical parameters derived from these models, such as
the heat of sorption, do not agree with the observed behavior [32].
Because our melting temperature as a function of moisture con-
tent above FSP is so similar to those found by food researchers, and
is described well by solution thermodynamics, it may be advanta-
geous to transfer these models to wood.

One of the major objectives of this research was to better under-
stand the Type Il water reported from DSC measurements on lignin
[15] and cellulose [13] and to see if this behavior could be con-
firmed in wood. While the calorimograms did not show Type II
water for solid wood, the data illustrate the importance of sample
preparation on the presence or absence of Type Il water. This is
most easily understood by comparing the two cellulose samples.
The Wiley-milled cellulose did not Exhibit 2 peaks upon freezing,
however, the ball-milled cellulose (which was further milled from
Wiley-milled cellulose) clearly exhibited two peaks.

There has been discussion in the literature on whether the
Type Il peak was caused by water in small pores within the poly-
mer structure [33-35], or was caused by water that was bound
less tightly to the polymer and therefore had a different enthalpy
[13,15,36-38]. It is interesting to examine this discussion in light of
our observations that the presence or absence of the Type II peak
is determined by sample preparation. The Wiley-milled cellulose
consisted of large particles that retained some of the native wood
structure whereas the ball-milled cellulose was likely completely
amorphous [39]. If the Type II peak were caused by water freezing
in small pores, we would expect to see observe the Type Il peak
in the preparations that had a porous structure, such as solid pine,
or Wiley-milled pine. In fact, we observed the opposite, where the
Type Il water was only observed in ball-milled substances. Further-
more, if the freezing point were depressed because of the pore-size,
we would expect a corresponding pore-melting peak. Landry exam-
ined the freezing of water in small pores using glass capillaries and
a very slow scan rate (0.05°Cmin~') and confirmed pore-melting
behavior [20]. The scan rates used in this work and previous work
on cellulosic materials were likely too fast to observe this phe-
nomenon, however it should be noted the melting behavior of the
Wiley-milled cellulose (one freezing peak) and ball-milled cellu-
lose (two freezing peaks) were nearly identical (Fig. 6). Neither do
our results suggest that the Type Il peak is related to loosely bound
water because the melting enthalpy of both Wiley-milled cellulose
and ball-milled cellulose are linear with a similar slope (Fig. 5). If the
Type Il peak were related to loosely bound water, this water should
have a different melting enthalpy as well. We believe that Type II
water is neither a result of pore water or loosely bound water, but
can instead be explained by nucleation kinetics.

In theory, water can be supercooled to —38 °C before homoge-
neous nucleation spontaneously occurs [40]. However, in practice,
water freezes near the thermodynamic melting temperature
because of heterogeneous nucleation sites; that is, sites where the
activation barrier of crystallization is lowered, such as container
walls, chemical impurities, or dust particles [41]. Since only one
nucleation site is needed to crystallize an entire liquid body, and
even in high-purity liquids it has been estimated there are on
the order of 10'2 heterogeneous nucleation sites per cubic meter
[41], homogeneous nucleation of liquids is rarely observed. Con-
versely, since melting does not involve nucleation, the melting
reaction nearly always occurs at the equilibrium solidus tempera-
ture. Importantly, state variables, such as enthalpy, do not depend
on whether the liquid-to-solid phase transformation occurs via
homogeneous nucleation or heterogeneous nucleation.

We forward the following working hypothesis: “Type II” freez-
ing peaks in our experiments are a result of homogeneous

nucleation of water that is unconnected to the water that crystal-
lizes at a higher temperature. The following facts are consistent
with this hypothesis: (1) although sometimes two peaks are
observed upon freezing, there is always only one melting peak;
(2) where there are two peaks, the lower temperature peak always
occurs near the homogeneous nucleation temperature of water; (3)
the melting enthalpy is linear, the slope is nearly constant across
specimens, and does not depend on how many freezing peaks were
exhibited. This hypothesis is also consistent with the “pseudo-Type
II” peaks exhibited by other ball-milled specimens in which some
water had frozen before a clear, final freezing below —40°C.

While our data suggest that Type Il water may result from homo-
geneous nucleation in water that is not connected to the water that
freezes heterogeneously, it is not clear why only the ball-milled
specimens exhibit this peak since the ball-milled particles have lost
the structure that is inherent in the solid and Wiley-milled wood.
If the Type Il water needs to be physically separated from the Type
I water (which presumably nucleates heterogeneously) then we
would expect the opposite results; namely that the micro- or sub-
microscopic structure of the wood cell wall provide the separation
to permit the presence of two disparate types of water. To better
understand the relationship between specimen characteristics and
Type Il water, future experiments should explore the role of particle
size and chemistry on the presence/absence of Type Il water.

One of our objectives was to relate the presence of Type Il water
to durability problems that arise in wood below the fiber saturation
point. We found however, that the second freezing peak in the DSC
measurements was sensitive to sample preparation and appears to
be a result of homogeneous nucleation rather than a type of water
with properties between bound and free water. Nevertheless, these
experiments do not rule out the existence of an intermediate type
of water that has been observed by NMR and that would be consis-
tent with a threshold for electrical conduction, mold growth, and
corrosion of metal fasteners, which all occur below FSP.

5. Summary and conclusions

The top-down approach used in this study to examine the freez-
ing of water in solid wood and wood cell wall components clearly
highlights the role of sample preparation for DSC measurements of
water interacting with cellulose and other cell wall components.
Not only did ball-milled specimens have a higher FSP, ball milling
clearly affected the freezing behavior, and homogeneous nucle-
ation was inferred from a Type II peak.

The melting temperature of the free water peak depended on
moisture content. It may be possible from these data to construct
a binary phase diagram for water in wood. Whereas sorption the-
ories can only explain the thermodynamics of water below FSP, a
phase diagram would extend the thermodynamic framework from
ovendry wood, to 100% water.
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