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Abstract This paper evaluates the effects of acetylation level and experi-

mental method on the observed fber saturation point (FSP) of loblolly pine 

(Pinus taeda) wood measured using  differential scanning calorimetry. To 

achieve this goal, 1-mm-thick latewood samples were tested over a wide range 

of equilibrium moisture content (EMC). In this work, the FSP was defned as 

the non-freezable portion of water of the samples. Two experimental methods 

were used: the extrapolation of the melting enthalpy to zero and the direct 

calculation of the non-freezable water amount. For both methods, the FSP 

decreased with increasing acetylation, varying from about 27% reduced EMC 

(EMCR) for control to about 9% EMCR for the highest level of acetylation. 

For unmodifed samples, the measured FSP was higher with faster scan rates. 

Moreover, under a specifc range of EMCR, freezing curves revealed the 

occurrence of two water phase transitions for samples at the highest level of 

acetylation. Based on previous studies and in present fndings, there is strong 

evidence that the lower temperature freezing peak may result from the 

homogenous nucleation of water, which is physically separated from water 

that freezes heterogeneously. 
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Introduction 

Wood is a renewable biomaterial made up of cellulose, hemicelluloses and lignin. 

The water-accessible hydroxyl groups, present mainly in the hemicelluloses and 

amorphous portion of cellulose, are responsible for the high hygroscopicity of this 

material, which exchanges moisture with the surrounding environment. When 

subjected to large relative humidity (RH) fuctuations, the resulting swelling and 

shrinking of wood causes warping, checking and splitting and also compromises the 

performance of adhesives and surface coatings (Papadopoulos and Hill 2003; FPL 

2010). To overcome these drawbacks and improve wood durability, chemical, 

physical or biological agents may be used to modify wood (Papadopoulos and Hill 

2002; Hill 2006). During chemical modifcation, a reagent is covalently bound to 

some reactive part of wood polymers (Rowell 2013), which changes the chemical 

and physical properties of the material (Papadopoulos 2010). 

Chemical modifcations, and specifcally acetylation, can reduce water sorptive 

properties of wood and fll spaces that water could occupy, resulting in a lower 

equilibrium moisture content (EMC) (Papadopoulos and Hill 2003; Papadopoulos 

et al. 2005; Rowell 2013; Popescu et al. 2014). Besides reducing swelling and 

improving dimensional stability, acetylation has been shown to increase resistance 

to decay (Papadopoulos and Hill 2002), termites (Papadopoulos et al. 2008a) and 

marine wood borers (Papadopoulos et al. 2008b). However, the exact mechanisms 

by which acetylation and other modifcations protect wood are not fully understood 

and are a current topic of research (Papadopoulos and Hill 2002, 2003; Hill et al. 

2005; Rowell et al. 2009; Rowell 2013; Ringman et al. 2014; Hosseinpourpia and 

Mai 2015; Zelinka et al. 2016a). 

While the water sorption of thermally modifed wood has been well characterized 

(Repellin and Guyonnet 2005; Almeida et al. 2009; Esteves and Pereira 2009; Olek 

et al. 2013; Dos Santos et al. 2014; Zanuncio et al. 2014), less information has been 

published on the fber saturation point (FSP) of acetylated wood (Papadopoulos and 

Hill 2003; Papadopoulos et al. 2005; Hill 2008; Thygesen et al. 2010; Popescu et al. 

2014; Himmel and Mai 2015). The FSP is important for understanding the infuence 

of bound water on the physical and mechanical properties of wood. Below FSP, 

these properties are affected by changes in the wood moisture content (MC) (Skaar 

1988; Siau 1995). There are a considerable amount of work discussing the FSP and 

its role on wood–water relations (Tiemann 1906; Barkas 1935; Feist and Tarkow 

1967; Stone and Scallan 1967; Stamm 1971; Menon et al. 1987; Skaar 1988; 

Simpson and Barton 1991; Hernández and Bizoň 1994; Babiak and Kúdela 1995; 

Siau 1995; Berry and Roderick 2005; Almeida and Hernández 2006a, b; Hernández 

and Pontin 2006; Hernández 2007b; Hernández and Cáceres 2010; Telkki et al. 

2013; Passarini et al. 2014, 2015; Zelinka et al. 2016b; Passarini and Hernández 

2016), but only a few have drawn attention to FSP in modifed wood (Hill 2008; 

Thybring 2013; Zauer et al. 2014). However, it has been convincingly argued that 

acetylated wood moisture relations should be expressed as reduced EMC (EMCR) or  

reduced FSP (FSPR), because these are calculated using only on the original wood 

mass, excluding the mass added during acetylation (Hill 2008; Thybring 2013). 
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The FSP can be theoretically defned as a transition point between water in liquid 

state held in wood micro-voids by capillary forces and water adsorbed in wood 

polymers by hydrogen bonding forces. Practically, the FSP depends upon the 

method used to determine it (Stamm 1971; Siau 1995; Engelund et al. 2013; Zelinka 

et al. 2016b). Stamm (1971) reviewed nine methods for FSP determination and 

reported that those involving cell wall saturation, as solute exclusion and pressure 

plate, gave much higher FSP values (around 40% MC), compared to those obtained 

from extrapolation of sorption data or changes in wood physical properties (around 

25–30% MC). From this, Stamm (1971) suggested these techniques may be 

measuring different properties. The terms ‘‘cell wall total water capacity’’ (Hill 

2008) for those involving saturation and ‘‘hygroscopicity limit’’ (Babiak and Kú dela 

1995) are useful for distinguishing these methods. 

Differential scanning calorimetry (DSC) is well suited to measuring FSP because 

it is very sensitive to the heat evolved during water phase transitions. By quantifying 

the enthalpy involved in phase transitions, the exact amount of water that freezes 

(thaws) can be calculated. The FSP can be determined by comparing the amount of 

water that freezes (thaws) to the total amount of water of the sample. Thus, in DSC 

studies, the FSP may be defned as the non-freezable portion of water of the samples 

(Simpson and Barton 1991; Repellin and Guyonnet 2005; Zauer et al. 2014). 

Several authors have used DSC to study the state of water and the FSP of various 

cellulosic materials (Table 1). However, a wide range of values of the FSP as 

determined by DSC have been reported ranging from 10.5 to 50% MC. Notably, 

these values span the range of both the ‘‘cell wall total water capacity’’ and 

‘‘hygroscopicity limit.’’ 

While it is expected that pulping and thermal treatment would change FSP, it is 

expected that unmodifed sapwoods will have similar FSP, with lower FSP for 

heartwood (Nearn 1955; Stamm 1964). Yet the values still range from 20 to 40% 

with heartwood sometimes higher in FSP than sapwood. One possible reason for 

these discrepancies in the FSP values found in Table 1 is that different researchers 

have used different experimental procedures to calculate the FSP from DSC data. In 

general, the procedures can be split into two major categories: 

1. Extrapolation method: extrapolating the regressed values of melting enthalpy 

(DHm) obtained as a function of EMC for FSP (or EMCR to obtain FSPR). In 

this case, the FSP corresponds to the EMC where the line intersects the 

ordinate, that is DHm = 0. 

2. Direct calculation method: directly calculating the FSP from the total amount of 

water in the sample minus the water that undergoes a phase transition, using 

Eq. 1, assuming 333.6 J/g for the melting enthalpy of water (Simpson and 

Barton 1991). 

� � �� � ��� 
100 DHm

FSP % ¼ � mtw � mts � ð1Þð Þ
m0 DHm;water 

here m0 is the oven-dry mass and mtw and mts are total water mass of sample (g) and 
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Table 1 References for DSC studies of water state and FSP on cellulosic materials 

Reference Material FSP (%) Method Scan rate 

(�C min -1) 

Nelson (1977) Cellulose, pulp, paper and starch 50 Extrapolation 10 

(delignifed and de-bulked) 

Nakamura et al. Several sources of cellulose 10.5–19.8 Direct 8 

(1981) calculation 

Simpson and Eucalyptus marginata and E. 32.8–33.5 Extrapolation 5 and 10 

Barton (1991) diversicolor heartwood 

Sapwood 34.1–37.6 

Pinus radiata (heartwood) 32.9 

Eucalyptus marginata and E. 37.7–37.9 Direct 

diversicolor heartwood calculation 

Sapwood 36.7–37.9 

Pinus radiata (heartwood) 27.8 

Repellin and Untreated beech and maritime pine 31.7–32.9 Direct 2 

Guyonnet wood calculation 

(2005) Heat-treated 13.8–32.4 

Zelinka et al. Loblolly pine solid wood (sapwood) 27 Extrapolation 5 

(2012) Cell wall components (sapwood) 20–28 

Zauer et al. (2014) Untreated/heat-treated heartwood Extrapolation 2 

Norway spruce 35.9/25.8 

Sycamore maple 37.1/27.1 

European ash 37.6/25.3 

Untreated/heat-treated heartwood Direct 

calculation 

Norway spruce 36.3/32.1 

Sycamore maple 37.4/30.0 

European ash 37.1/31.5 

Mykhailyk et al. Sprouts of poplar, willow, and alder 24.8–25.4 Extrapolation 64 (cooling)/4 

(2015) (heating) 

total sample mass (g), respectively. In addition to these differences in calculation 

methods, a wide range of scan rates and temperature ranges have been used. 

In short, previous DSC studies showed a lack of consistency on the procedures to 

measure FSP, refecting in a wide range of FSP values and uncertainty on the 

interpretation of results. Additionally, there are relatively few papers that examine 

the FSP of chemically modifed wood. In this paper, the effect of increasing 

acetylation on FSPR is examined using DSC. In addition, the effects of the DSC 

experimental method on FSPR are also explored. 
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Materials and methods 

This study was carried out using plantation grown loblolly pine (Pinus taeda), a 

species from the southern pine group. To minimize variables, all samples were 

latewood from the same annual ring of a commercially produced board with straight 

grain, free of decay and knots. Wood pieces approximately 3 mm radial 9 25 mm 

longitudinal 9 2–20 mm tangential were dried in a vacuum oven at 70 �C to a  

constant weight. The wood was vacuum-impregnated with acetic anhydride and 

then cured in an oven at 140 �C for different times. When targeting 21% weight 

percent gain (WPG), 4% pyridine was added to the acetic anhydride before 

impregnation. After reaction, samples were rinsed with water and, after sitting 

overnight, the remaining acetic acid and water were removed from the samples by 

heating in a vacuum oven for 1 h at 70 �C to determine the WPG. Less than 0.45% 

further weight loss from an additional 15 h of vacuum at 70 �C was observed 

indicating very little residual organics in the specimens. In addition, the 1-mm-thick 

DSC samples sat in ventilated containers for several weeks prior to testing. As 

expected for completely devolatilized samples, no odor was detected. The WPG of 

samples was calculated according to the following equation: 

mf � mo
WPG % ¼ � 100 ð2Þð Þ

m0 

where mo and mf are the oven-dry mass of the sample before and after acetylation, 

respectively. 

Table 2 presents the WPGs obtained and the notation used for each condition 

throughout the text. 

Control and modifed wood were frst surfaced on the longitudinal face with a 

sliding microtome and then cut approximately 1 mm below the surfaced side with a 

fne saw and jig. This was repeated until the entire specimen was consumed. These 

pieces were further divided with a razor blade to ft into the DSC sample pan and 

stored in ventilated containers for several weeks before testing began. 

The samples were prepared for DSC analysis by frst weighing the pan, hermetic 

lid and sample using an analytical balance to the nearest 0.01 mg. Considering the 

miniscule weight of samples (between 5 and 11 mg oven-dry) and pans 

(approximately 52 mg), any slight mass variation could result in a signifcant 

EMC variation. Samples were placed in the pans with the microtomed surface 

against the pan to maximize thermal transfer with the DSC. 

Two experimental methods were compared, those used by Zelinka et al. (2012) 

and Zauer et al. (2014). For the twenty samples prepared following the method of 

Table 2 WPG of samples and 
Condition Individual specimen WPG (%) Notation 

their notation 

Control 0.0 C 

Acetylated 8.9 A9 

11.1, 11.6 A11 

20.8, 20.9 A21 
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Zelinka et al. (2012), deionized water was added to the pans using a micropipette. 

The amount of water was adjusted according to the desired sample EMC. The 

samples were then hermetically sealed and allowed to sit between 24 and 72 h prior 

to testing. The temperature profle began by holding the sample isothermally at 

25 �C for 5 min. The temperature was then lowered at 5 �C min -1 until reaching 

- 60 �C, holding at this condition for 5 min. The temperature was then raised at 

5 �C min -1 until reaching 25 �C again. Because a range of MCs was tested, the FSP 

could be calculated by both the extrapolation method and the direct calculation 

method. The melting enthalpy was plotted as a function of MCR and extrapolated to 

DHm ¼ 0 (extrapolation method). In addition, at each MCR that exhibited a phase 

transition, the FSPR was calculated from Eq. 1 (direct calculation method). For the 

fve samples prepared following the method of Zauer et al. (2014), the samples were 

submerged under water for 24 h before being sealed in a sample pan and stored for 

168 h prior to testing. These experiments only looked at the heating curve. The 

samples were cooled to - 20 �C, held for 5 min at - 20 �C and then heated to 

10 �C. To examine the effect of scan rate, data were collected on these samples with 

scan rates of 0.5, 1, 2, 5, and 10 �C min -1. 

For both experiments, cooling and heating curves were obtained with a Q2000 

DSC (TA Instruments, New Castle, DE) which utilized a refrigerated cooling 

system (RCS). The methods differed in regard to sample wetting procedure and 

temperature scan profles. These procedures exactly matched the details provided in 

the above references. One data set, consisting of fve specimens, was wetted 

according to one method, and the DSC scans were run according to the other 

method (mixed method). 

After all the DSC measurements, the sample lids were perforated at multiple 

points and the specimens oven-dried for 24 h at 105 �C. Immediately afterward, the 

samples were placed inside a desiccator containing drieriteTM (W.A. Hammond, 

Xenia, Ohio) desiccant until they cooled down. Dry masses were taken immediately 

upon removal from the desiccator using the same balance. The oven-dry mass 

obtained was used to calculate the reduced EMC (EMCR) of samples during the 

DSC tests. 

The EMCR was obtained based upon the oven-dry mass before modifcation, 

excluding the mass added during acetylation (Eq. 3) (Hill 2008). 

mts � mf
EMCR % ¼ 100 ð3Þð Þ �

m0 

Thus, the FSP of acetylated wood samples was calculated, for both methods, 

considering EMCR only, which is denoted FSPR. 

Data were analyzed using the Universal Analysis 2000 software, version 4.5A 

(TA Instruments). The heat fow (W/g) was plotted as a function of the experimental 

temperature (�C), and the melting enthalpy change was calculated from the area 

obtained below the extrapolation of the baseline before and after the water phase 

transition. Because of kinetic supercooling, only the melting phase transitions were 

used to calculate the FSPR. 
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Fig. 1 Melting enthalpy as a function of the EMCR (n = 20) 

Table 3 Estimated FSPR and slope obtained from the extrapolation method and direct calculation of 

FSPR using the sample preparation and scan rate of Zelinka et al. (2012) 

Material Extrapolation Direct calculation 

FSPR (%) Slope (J/g) FSPR (%) 

Control 26.9 (± 0.9)a 357 25.9 (± 0.6) 

A9 19.0 (± 1.3) 352 17.7 (± 0.8) 

A11 18.3 (± 1.2) 347 17.4 (± 0.6) 

A21 11.6 (± 0.7) 368 9.1 (± 0.8) 

aValues between parentheses indicate 95% confdence interval of FSPR 

Results 

Figure 1 shows the melting enthalpy (normalized to the mass of dry wood before 

acetylation) plotted against the EMCR of samples. The data ft a linear relationship, 

with a coeffcient of determination (R2) of 99% for each of the four conditions. 

Table 3 shows the average FSPR obtained and the slope of each linear 

relationship. The slope represents the melting enthalpy of free water (Zelinka et al. 

2012). In addition to calculating the FSPR through the extrapolation method 

(DHm ¼ 0), the FSPR was also calculated by Eq. 1 for each point on the curve. This 

is indicated as ‘‘direct calculation’’ in Table 3 and assumes the melting enthalpy of 

free water (333.6 J g -1) for all conditions. 

For both calculation methods, the FSPR decreases with increasing WPG, but the 

FSPR of A9 and A11 was very similar. The extrapolation method gave higher FSPR 

values than the direct calculation method, but the values were signifcantly different 

at 0.05 probability level only for A21. For all conditions, the melting enthalpy of 

free water (represented by the slopes) obtained in the extrapolation method was 

higher than the assumed 333.6 J g -1 in the direct calculation method. 

The FSPR values obtained by extrapolation and direct calculation for control 

samples were very similar and match those obtained by Zelinka et al. (2012), who 
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Fig. 2 FSP values obtained for control loblolly pine latewood by the sample preparation method 
employed by Zauer et al. (2014) at several scan rates. Error bars represent the standard error of the mean 
(n = 5) 

used the extrapolation method with the same species and experimental technique. 

However, the FSPR values here obtained for control samples were signifcantly 

lower than those found on untreated Norway spruce wood by Zauer et al. (2014), 

who used the direct calculation method, but with a different scan rate and 

temperature range. Zauer et al. (2014) attributed part of their higher FSP to the scan 

rate. 

The FSP measured with the sample preparation and the direct calculation method 

of Zauer et al. (2014), where untreated samples were soaked for 24 h prior to 

treatment, are shown in Fig. 2. The FSP remained stable around 28.5% for scan 

rates of 0.5, 1, and 2 �C min -1. However, with the increase in the scan rate to 5 and 

10 �C min -1, the observed FSP increased to 30.1 and 33.2%, respectively. Paired 

Student’s t tests comparing data collected at 10 �C min -1 and 0.5, 1, or 2 �C min -1 

all produced p values of 0.02 or less. However, data collected at 5 �C min -1 were 

not signifcantly different at 0.05 probability level (according to paired Student’s 

t test) from data collected at 0.5, 1, or 2 �C min -1. Importantly, all measurements, 

regardless of technique or scan rate, resulted in a FSP of less than or equal to 33%, 

near the ‘‘hygroscopicity limit,’’ which is in contrast to the results of Zauer et al. 

(2014), who measured a FSP of 36.3% using the direct calculation method. 

The effects of sample wetting method and scanning method on FSP are shown in 

Fig. 3, all based on direct calculation method and for a scan rate of 5 �C min -1. 

Soaking the samples for 24 h in excess water reduced the apparent FSP by 1.3% 

relative to the pipetting method (values were not signifcantly different at 0.05 

probability level according to paired Student’s t test). On the other hand, scanning 

from - 20 to 10 �C increased the apparent FSP by 5.5% relative to scanning from 

- 60 to 25 �C (values were signifcantly different at 0.05 probability level 

according to paired Student’s t test). 

An unexpected feature was found on the cooling curves for A21 samples. In these 

curves, a second freezing peak was found in the range of 15–20% EMCR. The 

melting enthalpy associated with this peak gradually decreased with the increase in 

EMCR, disappearing at around 20% EMCR. To investigate whether this was an 
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Fig. 3 Impact of experimental method on observed FSP for control loblolly pine latewood scanned at 
5 �C min -1, using direct calculation method. Error bars indicate 95% confdence interval of FSP (n = 20 
for pipetted and n = 5 for 24 h soak) 

Fig. 4 Heat fow as a function of temperature obtained for A21 samples at a scan rate of 5 �C min -1 

(left) and 10 �C min -1 (right), revealing two freezing peaks in the cooling curves. Each curve represents 
one specimen at the EMCR listed 

experimental artifact, an additional set of tests was run using fve A21 samples with 

EMCR varying between 22 and 27%. In this case, the method of Zelinka et al. 

(2012) was used, but different scan rates were tested (1, 2, 5, and 10 �C min -1). 

Figure 4 shows representative heat fow versus temperature plots containing the two 

freezing peaks. The peak detected near - 40 �C (Peak II) was only detected when 

the scan rates were 5 or 10 �C min -1. Furthermore, the freezing enthalpy associated 

with Peak II was slightly higher for the fastest scan rate and had no relationship to 

sample EMCR. 

Discussion 

The FSPR was measured with two different experimental techniques. Both 

techniques showed that higher WPG results in lower FSPR. This reduction is 

consistent with the reduction in EMCR of modifed wood at a given RH with 

increasing WPG, attributed to the bulking of the cell wall by acetyl groups 

(Papadopoulos and Hill 2003). These acetyl groups prevent water from occupying 
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Fig. 5 Linear relationship between FSPR and WPG (n = 20) 

space within the cell wall by flling the available volume. NMR studies carried out 

by Thygesen and Elder (2008) on acetylated Norway spruce sapwood corroborated 

these fndings. In this case, cell wall water relaxation times appeared to be lowered 

as result of a possible reduction in the sizes of the space available to water within 

cell wall due to bulking. Therefore, it was not completely unexpected that FSPR was 

also lower for modifed wood, especially at high WPG. Figure 5 shows a linear 

relationship of FSPR with WPG, which demonstrates the relations between the 

decrease in the FSPR and the degree of bulking of the cell walls. In this case, a WPG 

increase of 1% represents a reduction in the FSPR of 0.73 and 0.79% calculated by 

extrapolation and direct calculation, respectively. Using solution exclusion to 

estimate FSPR of modifed Corsican pine, Hill (2008) obtained a higher FSPR 

reduction, around 1% for each increase of 1% WPG. 

Table 3 shows that the extrapolation method yielded higher FSPR values than 

direct calculation method for all conditions, but the values were signifcantly 

different at 0.05 probability level only for A21. Both methods involve the 

determination of the non-freezable portion of water in the samples and consider the 

melting enthalpy of water. However, direct calculation considers the nominal value 

of melting enthalpy of free water as 333.6 J g -1 for all conditions, whereas those 

obtained experimentally by extrapolation were higher, varying between 357 for 

control and 368 J g -1 for AC21. For Pinus radiata heartwood, Simpson and Barton 

(1991) also obtained a higher FSPR using extrapolation method (32.9%) compared 

to direct calculation (27.8%). Therefore, extrapolation seems to represent a higher 

bound for FSPR. 

As expected, the FSPR values found in this work for the untreated samples were 

similar to those found by Zelinka et al. (2012), using the same species and methods. 

However, a recent DSC study carried out by Zauer et al. (2014) found a signifcantly 

higher FSPR for Norway spruce heartwood, using extrapolation method (35.9%) and 

direct calculation (36.3%). This brought about the need to investigate the potential 

effects of the experimental method on FSPR, with special attention to the effects of 

the scan rates. Lower scan rates may produce better resolution of the peaks, but at 
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the same time may also generate high levels of noise (Simpson and Barton 1991; 

Zauer et al. 2014). 

Figure 2 shows the effects of various scan rates on measured FSP. Slow 

temperature scan rates produced consistent data while scans at 5 and 10 �C min -1 

resulted in higher observed FSP. Melting enthalpy data (not shown) remained constant 

for scan rates of 0.5, 1, and 2 �C min -1 (102 J g -1) and decreased to 99 and 93 J g -1 

for 5 and 10 �C min  -1, respectively. It is hypothesized that as scan rates increase, there 

is more of a temperature gradient across the specimen, resulting in broader peaks, 

which are more prone to errors from imperfect baseline correction. It is believed that 

the fastest appropriate scan rate is highly dependent on sample thermal conduction 

rates and must therefore be determined for each sample geometry. 

The sample wetting method had a small effect on calculated FSP, about 1.3% 

higher for pipetting than for soaking 24 h (Fig. 3). The temperature scanning 

profle, however, had a larger effect: scanning from - 20 to 10 �C increased the 

apparent FSP by 5.5% relative to scanning from - 60 to 25 �C (Fig. 3). 

In summary, the methodology had the following effects on FSP: 

• Higher scan rates yielded a higher FSP than lower scan rates. 

• Scanning from - 20 to 10 �C yielded a higher FSP than scanning from - 60 to 

25 �C. 

• Wetting the sample by pipetting yielded a higher FSP than soaking. 

• The extrapolation method yielded a higher FSP than the direct calculation 

method. 

In short, the differences in experimental techniques cannot explain the large 

differences reported in the FSP between the previous works of Zauer et al. (2014) 

and Zelinka et al. (2012) and the current work. It is believed instead that this 

discrepancy might be partially explained by the different softwood species used, one 

naturally grown in Europe and the other in America, respectively. In the present 

study, only latewood was used, while Zauer et al. (2014) analyzed twin samples 

from the same annual rings, without mentioning if they were obtained from late or 

earlywood. Hernández (2007a) reported a negative relationship of wood density and 

EMC and thus the higher density of the latewood (FPL 2010) might also play a role 

in the lower FSP found in this study (FPL 2010). Considering that the 

lignocellulosic composition itself plays a minor role on FSP, we look to the 

extractive content and/or its distribution. Zauer et al. (2014) used heartwood, 

whereas in this study only sapwood samples were used. Heartwood is known to 

have a higher concentration of wood extractives (FPL 2010) and thus lower FSPR is 

typically expected, the opposite of the current result. According to Hernández 

(2007b), extractives may have a hygroscopic, hydrophobic, or neutral behavior on 

wood hygroscopicity and their action may vary according to their location and 

distribution in the wood. Therefore, a thorough qualitative and quantitative study of 

the extractives in these specimens would be needed to fully understand the observed 

differences in FSP. 

Heat fow diagrams for A21 samples sometimes exhibited a second freezing peak 

near - 40 �C, also called ‘‘Type II peak’’ (Fig. 4). This peak had been attributed to 
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the ‘‘freezable bound water’’ (Nakamura et al. 1981), or water that is partially bound 

to the wood cell wall but still freezes. However, Zelinka et al. (2012) did a thorough 

investigation of water phase transitions of loblolly pine wood and its chemical 

components using DSC. They found that Type II peak only appeared when samples 

were ball-milled prior to the study, and concluded that the high amounts of 

mechanical damage were affecting nucleation. 

Considering that the second peak was observed only in wood that was ball-milled 

(Zelinka et al. 2012) or submitted to high WPG (present work), the appearance of 

two freezing peaks might be related to the extreme physical changes that occur to 

wood at high mechanical disintegration or high cell wall chemical modifcation. 

Ball-milling completely disrupts the cell wall organization and chemical bonds 

between cellulose (Fukazawa et al. 1982), whereas acetylation at high WPG alters 

the thermodynamics of the liquid water interacting with internal lumen walls 

(Thygesen and Elder 2008), changing contact angle and adhesion. In extreme cases, 

under high WPG, water droplets, rather than a flm, might be formed on the lumen 

wall (Thygesen and Elder 2008). The second peak was observed only in samples 

under a short range of EMCR above the estimated FSPR, i.e., only 10–15% MC 

attributed to free water. This condition might be favorable to isolated water droplet 

formation. Additionally, this peak was observed only at scan rates of 5 and 10 �C 

min -1, probably fast enough such that nucleation of water was not all heteroge-

neous. The actual phase transition took place at around - 40 �C, the homogeneous 

nucleation temperature of water. These facts reinforce the hypothesis previously 

advanced by Zelinka et al. (2012) that the second peak originates from homogenous 

nucleation of water separated physically from most of the bulk water in the 

specimen and is not freezable bound water. 

Conclusion 

The purpose of this study was to evaluate the effect of WPG and DSC experimental 

procedure on FSP of untreated and FSPR of acetylated loblolly pine wood. Both FSP 

and FSPR were defned as the portion of water that has no phase transitions detected 

in DSC heating curves. The results clearly showed that FSPR decreased with 

increasing WPG. The DSC experimental methods did have a signifcant effect on 

wood FSP, especially how fast the experimental temperature changed. Scan rates 

lower than 5 �C min -1 were necessary for these samples, but appropriate scan rate 

should be determined for each sample type and geometry. The FSP was found to be 

independent of scan rate when the scan rates were between 0.5 and 2 �C min -1. 

Additionally, how the water was added to the wood in the DSC pan affected the 

measured FSP. The FSP was found to be 1.3% lower when the sample had been 

fully submerged as opposed to having water added to it by pipetting. Scanning from 

- 20 to 10 �C increased the apparent FSP by 5.5% relative to scanning from - 60 

to 25 �C. The extrapolation method gave slightly higher FSP and FSPR than the 

direct calculation method. Other than the experimental method, high levels of WPG 

affected wood–water relations at some special experimental conditions. More 

specifcally, a second peak in freezing curves was detected, attributed to the 
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homogenous nucleation of free water. Finally, despite the power of DSC to probe 

wood–water interactions, caution is needed in interpreting and extrapolating the 

results, since these are strongly dependent on experimental procedures and samples 

used are too small to be completely representative of solid wood. 
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