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Bound Water Content and Pore Size Distribution in
Swollen Cell Walls Determined by NMR Technology
Xin Gao, Shouzeng Zhuang,* Juwan Jin, and Pingxiang Cao
Nuclear magnetic resonance (NMR) relaxation time distributions can
provide detailed information about the moisture in wood. In this paper,
the bound water content and pore size distributions in swollen cell wall of
two kinds of softwoods (Pinus sylvestris and Cunninghamia lanceolata)
and three kinds of hardwoods (Populus sp., Fraxinus excelsior L., and
Ochroma lagopus) were determined by NMR cryoporometry. The total
bound water content of swollen cell wall almost exceeds 35%, based on
dry mass, which is obviously higher than the fiber saturation point (FSP)
(appr. 30%) measured by the extrapolation method. The bound water
content of different species is consistent with the hypothesis that with the
decrease of basic density, the more bound water could be contained in
wood. The proportion of the pore diameter smaller than 1.59 nm is higher
than 70%, and the proportion of the pore diameter larger than 4 nm is no
more than 10%.
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INTRODUCTION
Wood is a versatile renewable engineering material that has been widely used in
construction and interior decoration. This can be attributed to its superior material
properties, such as a favorable mass/strength ratio, easy processing, pleasing optical
appearance, and wonderful environmental characteristics. However, it is necessary to
improve properties such as dimensional stability, strength, and durability through
modification (Wacker 2010; Xie et al. 2013). As the proportion of wood harvested from
artificial fast-plantation forests is increasing, more and more attention has been paid to
wood modification techniques (Hill 2006; Mattos et al. 2015).
In the commercial production process, water-soluble polymers such as urea resin,
phenolic resin, and polyethylene glycol are commonly used to improve the properties of
wood by vacuum-pressure impregnation (Hoffmann 1990; Gindl et al. 2003; Jeremic et
al. 2007; Jeremic and Cooper 2009; Gabrielli and Kamke 2010). It has been widely
agreed that only the deposition of polymer (phenolic resin and polyethylene glycol)
within the wood cell walls results in improvement of the dimensional stability as well as
a high decay resistance. If the polymer is only distributed in the cell lumens, then the
modification effect is not obvious (Furuno et al. 2004). The effect of preservative
treatment also depends on the distribution of the active ingredient of preservative in
wood, especially if the agents can penetrate into the cell wall. In recent years,
nanoparticles of copper-carbonate and iron oxide in aqueous systems have just begun to
be exploited commercially for the preservative treatment of wood, and it is not well
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known whether cell walls can be penetrated by nanoparticles (Hiroshi et al. 2009). The
timber is usually saturated by water-soluble modifying agents through impregnation, and
the cell wall is swollen after processing. Therefore, it is necessary to know the pore size
distribution within the cell wall corresponding to this particular state (Xie et al. 2013).
There are a few experimental methods used to determine the pore size distribution
of porous materials. These include the mercury intrusion method, gas adsorption,
scanning electron microscope (SEM) analysis, atomic force microscope (AFM) analysis,
and gas permeation (Park et al. 2006). However, these methods are restricted when
applied to measuring the pore diameter distribution of swollen cell walls. First, these
methods are generally destructive and invasive, and there is a significant influence on the
testing results when they are applied to relatively soft fibrous material. Second, because
of the hygroscopic substrate and capillary condensation effect, there is generally a certain
content of adsorbed water in porous media. To obtain an accurate pore size distribution,
the test specimen must be dried prior to the experiment, thus eliminating the influence of
the bound water. However, the porosity of the wood cell wall would significantly change
along with the shrinkage of wood during the drying process; therefore, it is difficult to
acquire the pore size distribution of swollen cell walls by means of conventional
detection methods (Park et al. 2006; Zauer et al. 2014).
The most commonly employed technique to determine the swollen cell pore size
distribution is that of the solute exclusion method, where water-saturated wood is
immersed in a solution of probe molecules and allowed to reach equilibrium with the
solution (Telkki et al. 2013). Probe molecules enter the macropores of the wood (lumens,
pits, etc.) and if they are small enough, they can also penetrate the cell wall. When probes
enter the pores of wood, they replace the water in them, which then dilutes the bulk probe
solution remaining outside of the fibers. The decrease in concentration of the probe
solution is a measure of the pore volume of the wood. Using probe molecules of different
sizes, it is possible to obtain data for the pore size distribution of the wood (Hill 2006;
Walker 2006). Most of these studies report a maximum size for swollen cell wall
micropores in the region of approximately 2 to 4 nm (Stone and Scallan 1968; Hill 2006;
Walker 2006). From the perspective of impregnation, various kinds of spectra and
imaging technologies have been used to mark the known-size target particles within cell
walls. The research has employed UV (Gindl et al. 2003; Gierling et al. 2005), X-ray
(Smith and Côté 1971, 1972; Furuno et al. 2004), Raman (Gierling et al. 2005; Jeremic et
al. 2007), SEM/EDXA (Bolton et al. 1988; Wallström and Lindberg 1999), and DSC
(Cavallaro et al. 2013) measurements. The typical or limiting pore size of swollen cell
walls can be estimated by the distribution of probe particles. However, the probe objects
penetrate into the cell wall in the manner of diffusion and cannot enter the micropores,
which are smaller than the probe objects.
As a superior non-destructive analysis method, nuclear magnetic resonance
(NMR) technology has been widely used in porous media research and has made
significant progress in studying different solids, such as rock (Westphal et al. 2005) and
soil (Tian et al. 2014). The advantage of NMR is the direct extraction of the relaxation
characteristics of fluid (primarily water and oil) in porous media at a certain magnetic
field. According to the relaxation time and amplitude of the NMR signals, the size of the
pores and the amount of fluid could be determined (Telkki et al. 2013).
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Based on previous studies, NMR technology has provided an abundance of woodwater relationship information (Maunu 2002). Some research has been carried out using
NMR relaxation analysis, including establishing the quantitative relationships between
moisture content and free induction decay (FID) signal, providing more detailed
information about the different moisture components from T2 or T1 relaxation time
distributions (Sharp et al. 1978; Riggin et al. 1979; Menon et al. 1987; Araujo et al.
1992).
Typically, the distributions of T2 relaxation time contain a few peaks, from which
the components with shorter relaxation times [approximately several milliseconds (ms)]
are associated with bound water. The components with longer relaxation times, from
dozens of ms to hundreds of ms, are associated with free water, according to the size of
lumens (Hartley et al. 1994; Labbé et al. 2002; Almeida et al. 2007; Telkki et al. 2013).
By comparing the change in relaxation time between modified and unprocessed
specimens, the modified effects can also be evaluated (Thygesen and Elder 2008).
NMR is also used as a tool in the investigations of pore size distributions, which
method is known as cryporometry (Telkki et al. 2013; Kekkonen et al. 2014). This
method is based on the detection of lowered solid-liquid phase transition temperature of a
substance confined to pores. According to the Gibbs-Thomson equation, liquids confined
within small pores solidify at a temperature that varies inversely with the pore size. NMR
provides a very convenient way of quantifying the amount of liquid within the pores as a
function of temperature and subsequently offers a quantitative and non-destructive
method for determining pore size distribution (Aksnes and Kimtys 2004). NMR
cryoporometry has been used to study various materials including nanomaterials (Hassan
2012; Gouze et al. 2014), pulp (Ӧstlund et al. 2010), and membranes (Jeon et al. 2008).
The fiber saturation point and pore size distributions of thermally modified wood were
studied by this method (Telkki et al. 2013; Kekkonen et al. 2014). Thermoporometry is
an another method for determination of the pore size distributions based on the same
principle, the detection of the melting can be done by sensing the transient heat flows
during phase transitions using differential scanning calorimetry (DSC; Zauer et al. 2014).
Some researchers have used this method to analyze the changes in wood pores after heat
treatment (Zauer et al. 2014). The influence of the pulping process on the porosity of
fibers was also investigated (Park et al. 2006).
In this work, the bound water content and pore size distributions of swollen cell
walls were determined by NMR cryoporometry. The species with different basic density
were selected, because it is considered that with decreasing basic density the cell walls
display less resistance to swelling, since the bound water content that corresponds to the
fiber point represents a balance between the swelling of cell walls and resistance to the
mechanical rigidity (Feist and Tarkow 1967; Walker 2006). Mongolian Scotch Pine
(Pinus sylvestris), fast-growing poplar (Populus sp.), and Chinese fir (Cunninghamia
lanceolata) were selected as medium density species. A high-density ring porous species
of ash (Fraxinus excelsior L.), and a low-density species of balsa wood (Ochroma
lagopus) were also chosen for comparison. The pore size distributions of these
commercial species could also provide reference data for the selection of wood chemical
modification groups.
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EXPERIMENTAL
Materials and Equipment
Pinus sylvestris and Fraxinus excelsior L. were felled in Heilongjiang Province,
which is located in the northeast region of China. The average basic density of these
woods are 0.42 gcm-3 and 0.71 gcm-3, respectively. Cunninghamia lanceolata was felled
in Guangdong Province, and its average basic density is 0.39 gcm-3. Populus sp. grew in
Dabie Mountain of Anhui Province, and the basic density is 0.44 gcm-3. Ochroma
lagopus was felled in Xishuangbanna of Yunnan Province, which is located in southwest
of China, and its basic density is only 0.16 gcm-3. Discs cut from the fresh trunks were
kept in closed, plastic bags in a freezer until sample preparation. Cuboid sample pieces
(approximately 6 mm × 6 mm × 20 mm; 20 mm is the longitudinal direction) were cut
from the discs. To make the cell wall of the samples fully saturated with water, all the
samples were boiled with distilled water before NMR analysis. Meanwhile, the watersoluble resins in the wood, which may have influence on the NMR experiment, could be
eliminated.
The NMR experiments were carried out on a 22-MHz MiniMR device that was
developed by Niumag Corporation, Shanghai, China. To generate a stable magnetic field,
the temperature of the magnetic unit was set to be 32 °C, within a variation of ±0.01 °C.
The sample chamber contained a temperature-controlling system range from -40 °C
(233K) to 40 °C (313K) with an accuracy of 0.1 °C so that the samples could then be
detected at different temperatures.
Theory and Methods
Theory
The moisture content and porosity of porous media could be determined by the
analysis of the T2 relaxation times. As previously mentioned, the NMR signals coming
from wood could be associated with solid wood, cell wall bound water, and lumen water.
The T2 signal of solid wood decays rapidly to zero in tens of ms, making it readily
separable from the bound water signal, which has a T2 from about one to a few ms. In
contrast, the lumen water has a T2 ranging from tens to hundreds of ms. The dead time of
the NMR device is about 30 µs, which is longer than the relaxation time of solid wood.
Hence, it is reasonable to assume that the NMR signal comes only from the liquid water
in the samples. The relationship between moisture content and amplitude of NMR signals
could then be determined.
The basis to measure pore size distribution using NMR cryoporometry is the
melting point depression of a pore-filling substance or adsorbate in small pores, which
occurs by osmotic and capillary effects. Because of the increased internal pressure, a
depressed melting temperature occurs in the interior of small pores (Aksnes and Kimtys
2004). On the assumption that all pores are cylindrical, the relationship between the pore
diameter and the melting point depression was described by the Gibbs-Thomson equation
(Park et al. 2006; Mario et al. 2014). From this equation, it is evident that with decreasing
pore diameter, the melting point depression increases.

Tm  Tm  Tm ( D) 

4Tm cos 
DH f 
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In Eq. 1, Tm is the melting temperature of water, Tm (D) is the melting temperature
in the pore (diameter D), σ is the surface tension, θ is the contact angle, and ρ and Hf are
the density and specific heat of fusion of water, respectively. It is well known that the
melting point of bulk water under ordinary pressure is 0 °C. However, the melting point
of liquid would decrease when water locates in micropores, especially if the pores are
nanoscale. If the porous media fully saturated with water was frozen with different
temperatures, the water in different diameter pores would melt according to the GibbsThomson equation. The T2 relaxation time of ice amounts only to 6 μs, which is
obviously smaller than that of liquid water (milliseconds) (Telkki et al. 2013); therefore,
the pore size distribution could be determined by the NMR signal changes of different
moisture components.
There are two kinds of typical scales for wood porosity: lumens that are micron
scale and micropores within cell wall that are nano scale; both of the pores could be
considered as cylindrical. The melting point depression of free water in lumens was
negligible (Telkki et al. 2013) so that the free water could be frozen easily. However, the
maximum size for swollen cell wall micropores was in the region of 2 to 4 nm (Stone and
Scallan 1968; Walker 2006; Hill 2006; Kekkonen et al. 2014). The temperature of water
melting in such pores should be lower than -5 °C (Park et al. 2006; Mario et al. 2014). By
suitable selection of temperature, free water in wood could be completely frozen;
however, bound water was still liquid as it was in nanoscale pores. According to the
relaxation time-distribution of moisture in wood before and after freezing treatment, the
total amount of bound water could be determined (Almeida et al. 2007; Telkki et al.
2013). The sample could be frozen with a series of temperatures and the relaxation time
distributions would reflect the solidification of bound water and the pore size distribution
of swollen cell wall could be confirmed according to the Gibbs-Thomson equation.
Methods
To determine the pore size distribution within the swollen cell wall, the amount of
bound water should be acquired precisely, at first. As mentioned previously, the selection
of temperature should confirm that free water in lumens is frozen and bound water is still
liquid; the phase transition makes a significant difference in relaxation time distributions.
In this experiment, -3 °C (270 K) was chosen as the specific temperature. The reason for
this is, according to the Gibbs-Thomson equation, the melting point depression is
inversely proportional to the diameter of the pore and the size of lumen is above 10 μm,
which corresponds to the maximum melting point depression of 0.004 °C (Telkki et al.
2013). The extractives of wood dissolved in water may slightly decrease the melting
point, which ranges from 0.1 to 2.0 °C (Walker 2006). In contrast, the largest size of
micropores in the cell wall rarely exceeds 4 nm (Hill 2006; Walker 2006), which
corresponds to the minimum melting depression of 10 °C (Mario et al. 2014).
To calculate the effective pore diameter (D) according to Gibbs-Thomson
equation, the following parameters were used: Tm = 273.15 K, σ = 12.1 mJm-2, θ = 180 °,
ρ = 106 gm-3, and Hf = 333.6 jg-1 (Park et al. 2006; Simpson and Barton 1991; Zauer et al.
2014).
D

k
39.6nm  K

Tm
Tm
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According to the actual situation of the temperature-controlling system, seven
freezing temperatures and the room temperature (24 °C or 297 K) were selected. It is
estimated that there exists a nonfreezing layer with a thickness of 0.3 to 0.8 nm, and
hence the value of 0.6 nm was added to the NMR cryoporometry diameters in order to
obtain the true pore sizes (Kekkonen et al. 2014). Comparison of the freezing
temperatures and corresponding pore diameters due to the Gibbs-Thomson effect is
shown in Table 1.
Table 1. Comparison of the Freezing Temperatures and Corresponding Pore
Diameters due to the Gibbs-Thomson Effect
Tm (°C)

D (nm)

-40

1.59

-30

1.92

-20

2.58

-15

3.24

-10

4.66

-5

8.52

-3

13.80

The samples that were inserted in 10-mm OD NMR tubes closed with Teflon caps
began with room temperature NMR T2 scanning. The samples were then frozen, and the
T2 scanning at different temperatures was performed beginning with the lowest
temperature. A temperature-controlled refrigerator conditioned the temperatures of
samples. To confirm that sample temperatures were uniform, twin samples were prepared,
and temperature sensors were placed in them. These samples were placed under the same
environment. The temperature change could be used to reflect the status of the samples to
be tested. When the size of the samples was small, the set temperature could be achieved
by about 10 to 15 min later. The samples were scanned 30 min later than the freezing
treatment. Meanwhile, the sample chamber had also been adjusted to the same
temperature, which ensured temperature stabilization during the process of the
experiment. Analysis of the T2 relaxation times was performed using the CPMG sequence
(Araujo et al. 1992; Almeida et al. 2007):
{90x°-τ/2-[180y°-τ-echo-τ]m}

(3)

For the present experiments, τ=0.2 ms, the number of echoes according to the sample
pieces (softwood was 5000, hardwood was 10,000), echo time was 200 μs, and the
relaxation delay and number of accumulated scans were 3s and 16, respectively.
Experimental data were processed by Delphi according to the Contin program developed
by Provencher (1982a,b).
The moisture content of the samples was determined by the weight difference
between the saturated and dried specimens (103±2 °C, 20 h),
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m0  m1
100%
m1

(4)

Here, m0 and m1 are the mass of the sample before and after drying, respectively.
According to the Curie equation (5), the magnitude of thermal equilibrium
magnetization vector was inversely proportional to the temperature,

M

N 2 h 2 I ( I  1) H 0
3kT

(5)

Here, M is magnetization, N is spin density, γ is gyromagnetic ratio, h is Planck constant
divided by 2π, I is the spin quantum number, H0 is magnetic field strength, k is
Boltzmann constant, and T is the absolute temperature. In order to eliminate the influence
of temperature during experiments, the amplitudes measured at different temperatures
were multiplied by the factor Tx/T0, where Tx is the actual temperature and T0 is the
reference temperature. In this experiment, the room temperature was selected as T0
(Telkki et al. 2013).
The total content of bound water when the cell wall was saturated is obtained
from Eq. 6.
M b  MC 

S 3C
S normal

(6)

Here, MC is determined gravimetrically, S-3℃ is integral of moisture peaks at -3 °C, and
Snormal is integral of moisture peaks at room temperature. The unfrozen bound water
amount at other temperatures could be calculated using Eq. 7,
M tx  MC 

Stx
S normal

(7)

Here, Stx is integral of moisture peaks at freezing the temperature of Tx.
The diameter distribution (DD) is determined by the intensity corresponding to
the pore size with a certain melting temperature given by the Gibbs-Thomson equation
according to Table 1. The diameter distribution proportion within a certain range could
be determined by Eq. 8,
DD 

M D  M D
Mb

(8)

Here, MDα and MDβ are the amount of unfrozen bound water in the pore which diameter is
Dx, respectively.
The slices for anatomical structure analysis were made by microtome (REM 170,
YAMATO Corporation, Japan) and dyed with safranine. The Lecia DM1000 (Lecia
Corporation, Germany) optical microscope was used to analyze the anatomical structure.
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RESULTS AND DISCUSSION
Relaxation Time Distributions at Different Temperatures
T2 relaxation time distributions of 5 species at -40 °C to room temperature and
anatomical structure are presented in Fig.1. Above the melting point (24 °C), the T2
distributions of softwood (Pinus sylvestris and Cunninghamia lanceolata) contain three
peaks. The T2 times of the three peaks were several ms, dozens of ms, and hundreds of
ms. According to previous research, the shortest T2 peaks were interpreted to have arisen
from bound water, while the other peaks arose from free water. The T2 relaxation time of
water in porous media could be considered approximately proportional to pore diameter.
The principal structure of softwoods is the longitudinal tracheids, with approximately
92% of volumetric composition (Almedia et al. 2008). Because of the wood physiology,
tracheids formed during the summer (latewood) have lumens much smaller than those
formed during spring (earlywood). The two peaks of free water could be attributed to the
differences in diameters of the tracheids. For hardwoods, the T2 distributions of poplar
contained three peaks, while ash and balsa wood showed four peaks under room
temperature. The T2 peaks of the poplar that belong to diffuse-porous wood could be
considered as arising from bound water in cell wall and free water in fiber and vessel.
However, because of the ash belonging to ring-porous wood, there were significant
changes to the diameter of the vessel in the growth ring, which led to three typical scale
cavities. The T2 distributions of balsa wood also show four peaks. Although balsa wood is
also a kind of diffuse-porous wood, the T2 distributions show four peaks that are different
from poplar. Balsa wood is a special species with low-density ranges from roughly 50 to
380 kgm-3 (Borrega et al. 2015). Distinguished from other species, there are plenty of
axial parenchyma whose diameters are significantly larger than fibers; therefore, the T2
distributions of balsa wood also show four peaks. They could be considered to be arising
from moisture in cell wall, wood fibers, axial parenchymas, and vessels from the left to
the right part of the T2 distributions.
Below the melting point of bulk water, the free water is frozen with enough time
so that the remaining moisture signals arise exclusively from bound water. The T2
distributions show a single shorter time peak under a different freezing temperature.
Bound Water Content of Swollen Cell Wall under Different Freezing
Treatments
The integrals of moisture at different freezing temperatures are shown in Table 2.
According to Eq. 4, the moisture content of water-saturated samples are as follows: 283%
(pine), 290% (Chinese fir), 218% (poplar), 119% (ash), and 780% (balsa wood), and the
total bound water contents of swollen cell walls were: 39.9%, 38.2%, 38.3%, 34.6%, and
48.1%, respectively. The bound water content determined by the NMR method was
approximately 40%. For balsa wood the values were even as high as 50%; such results
are significantly higher than the fiber saturation point that is presumed to be 30%.
Actually, the values of FSP obtained by different methods varied in the range of 13% to
70%. The analysis of the methods presented shows that the determined FSP value could
be strongly influenced by the method used (Babiak and Kúdela 1995). Typically, the FSP
measured by extrapolation is about 30%. This method is based upon conditioning wood
at a chosen relative humidity and the measurement of the moisture content and physical
or mechanical properties of wood. Then, the FSP will be determined by extrapolating the
Gao et al. (2015). “Pore sizes of wood cell walls,” BioResources 10(4), 8208-8224.
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measured sorption isotherm to the relative humidity of 100%. However, the FSP
determined by extrapolation may underestimate the saturated content of bound water.
Methods including solute exclusion, porous plate, centrifugal dehydration, DSC, etc.,
which are all supposed to measure the bound water content of swollen cell wall, may
result in FSP values above 40%. It was found that the specimens that were conditioned at
100% relative humidity would further swell when soaked in water; therefore, it is
reasonable to believe that the limitation of bound water would be underestimated just by
isothermal adsorption even in 100% relative humidity air (Babiak and Kúdela 1995). To
solve this problem some researchers suggested dividing the bound water saturation limit
into two parts: hygroscopicity limit (HL) and cell wall saturation limit (CWS) (Babiak
and Kúdela 1995). HL is the moisture content limit adsorbing in water vapor, and the
latter is acquired by soaking in water. CWS should be greater than HL. In this
experiment, all the samples were boiled to saturate with distilled water before NMR
scanning. The total bound water content could be corresponding to CWS.
The bound water values of softwoods in this experiment were close to the values
detected by solute exclusion [35% to 40% Walker (2006); 38% to 40% Hill (2006)] and
NMR method [35% to 45% Telkki et al. (2013)]. The values of poplar were similar to the
results by the porous plate method [40% Cloutier et al. (1991, 1995)]. The values of ash
were similar to the results by the DSC method [35% Zauer et al. (2014)]. The bound
water content of balsa wood was 48.1%, which is significantly higher than other species.
Feist and Tarkow (1967) tested the bound water content of balsa wood by the solute
exclusion method; they obtained an even higher bound water content of 52%.
From the results above, an obvious relationship was found between the cell wall
saturation limit and the basic density of different species. With the decrease of basic
density, the cell wall saturation limit increases. The bound water content of high density
species (Fraxinus excelsior L.) was about 35%, the medium density species (softwoods
and poplar) was approximate 40%, and the lowest density (Ochroma lagopus) could be as
high as 50%. The experimental result was consistent with the hypothesis that with a
decrease of basic density, more bound water could be contained in cell wall (Feist and
Tarkow 1967; Walker 2006). It is suggested that with decreasing basic density, the
thickness of cell walls decreases and the cell walls display less resistance to swelling; the
bound water content that corresponds to the fiber point represents a balance between the
swelling of cell walls and resistance to the mechanical rigidity (Feist and Tarkow 1967;
Walker 2006).
The top time of T2 distribution measured below the bulk melting point decreased
with the freezing treatment temperature. According to the Gibbs-Thomson equation, it is
evident that with decreasing pore diameter, the melting point depression increased. With
decreasing temperatures, the water in the pores that are larger than those determined at
the critical temperature will be frozen. The water in the pores that are smaller than those
determined at the critical temperature will still be liquid. However, the NMR signal was
given because of the relatively smaller pores; therefore, the T2 top time decreased. In
addition, the lower the temperature, the shorter the relaxation time. When the experiment
temperature was -40 °C, which is far below the ordinary melting point of bulk water,
there was still a NMR signal of liquid water.
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(b) Cunninghamia lanceolata

(c) Populus sp.

(d) Fraxinus excelsior L.

Fig. 1. The T2 distributions at variable temperatures and the anatomical structure of various species
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Table 2. The Top Time, Peak Area (Integrals of Amplitude), and Moisture Content from T2 Distributions of Samples at Different
Temperatures
T (°C)

D (nm)

Pinus sylvestris

Populus sp.

Cunninghamia lanceolata

Fraxinus excelsior L.

Ochroma lagopus

TT*

PA*

MC

TT

PA

MC

TT

PA

MC

TT

PA

MC

TT

PA

MC

+24

-

5.75

30537

283%

5.87

19602

290%

6.36

23944

218%

5.84

19048

119%

6.75

26335

780%

-3

13.80

4.57

4305

39.9%

4.32

2582

38.2%

5.54

4212

38.3%

4.67

5540

34.6%

6.16

1624

48.1%

-5

8.52

3.48

4230

39.2%

3.70

2546

37.7%

4.50

4046

36.8%

3.87

5483

34.2%

4.95

1582

46.7%

-10

4.56

3.21

4035

37.9%

3.26

2503

37.0%

4.19

3959

36.0%

3.54

5065

31.6%

4.06

1479

43.8%

-15

3.24

2.64

3625

33.9%

2.81

2442

36.1%

3.18

3876

35.2%

3.08

4867

30.4%

3.38

1442

42.7%

-20

2.58

2.17

3570

33.1%

2.13

2251

33.3%

2.77

3691

33.6%

2.80

4359

27.2%

3.08

1348

39.9%

-30

1.92

1.53

3476

32.2%

1.34

2120

31.3%

1.83

3352

30.5%

1.85

4242

26.5%

1.94

1255

37.2%

-40

1.59

1.32

3336

30.9%

1.11

1935

28.6%

1.48

2952

26.8%

1.54

4032

25.2%

1.77

1226

36.3%

*TT: Top Time of the peak, PA: Peak Area

Table 3. Pore Size Distributions of the Swollen Cell Wall
DD* (nm)

Pinus sylvestris

Cunninghamia
lanceolata

Populus sp.

Fraxinus excelsior L.

Ochroma lagopus

4.56~13.80

5.1%

3.1%

6.0%

8.8%

8.9%

2.58~4.56

12.0%

9.7%

6.3%

12.7%

8.1%

1.59~2.58

5.6%

12.3%

15.8%

5.8%

7.5%

<1.59

77.4%

74.9%

70.0%

72.8%

75.5%

*DD: Diameter Distribution
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The moisture content of bound water that had not been frozen was: 30.9%, 28.6%,
26.8%, 25.2%, and 36.3% for pine, Chinese fir, poplar, ash, and balsa wood, respectively.
This accounted for 77.4%, 74.9%, 70.0%, 72.8%, and 75.5% of the total amount of
bound water obtained by the peak integrals of -3 °C, respectively. The results of
softwoods were similar to the experiment measured by time domain reflection
technology. In the experiment of Sparks et al. (2000), there was more than 25% water
unfrozen when temperature was below -15 °C. The moisture in wood was completely
frozen when the temperature was below -75 °C. The minimum operating temperature of
the NMR system for this experiment is -40 °C, therefore, the relaxation distributions of
moisture in wood for lower temperature need to be further studied.
Pore Size Distribution of Swollen Cell Wall
The pore size distributions of swollen cell walls are shown in Table 3. The
proportion of pore diameter smaller than 1.59 nm was 77.4%, 74.9%, 70.0%, 72.8%, and
75.5% for pine, Chinese fir, poplar, ash, and balsa wood, respectively. The proportion of
pore diameter between 1.59 to 2.58 nm was 5.6%, 12.3%, 15.8%, 5.8%, and 7.5%. The
proportion of pore diameter greater than 4.56 nm was 5.1%, 3.1%, 6.0%, 8.8%, and
8.9%, which indicates that the majority of pores in swollen cell walls are relatively
minute. This corresponds to the results by the solute exclusion method. Stone and Scallan
(1968) used a series of smaller polymer probes that were calculated to have “equivalent
spherical diameters” in the range of 0.8 to 56 nm. This was done in order to investigate
the pore size and pore volume within the swollen cell wall of softwoods. It was indicated
that the pore size distribution of the cell walls was not homogeneous. The moisture in the
pore larger than 5 nm was no more than 10% of the total quantity of bound water. The
moisture in the pore smaller than 1 nm was not less than 50%. The proportion of pore
diameter below 2 nm was about 70%. According to the results of the present experiment,
the pore volume below 1.59 nm and 1.92 nm was about 70% and 80%, which is higher
than the solute exclusion method results. The differences between the results may be due
to the experimental principles. As mentioned in the introduction, the principle of the
solute exclusion method is that probe molecules enter the pores larger than them and
replace the water and the pore volume of the wood is measured by the decrease in
concentration of the probe solution. Therefore, the volume relates to the size of polymer
probes. In Stone and Scallan’s experiment, the probe could not diffuse into the pores
smaller than 0.8 nm, which means the volume may be underestimated (Hill 2006; Walker
2006). Meanwhile, the actual size of polymer probes is relatively idealized. First, the
diameter of the polymer is determined by dividing molar volume to Avogadro constant.
But, the molecular weight of the polymer used in the experiment always changes in a
certain range. Second, the shape of the polymer is supposed to be spherical, which in
reality, is a chain structure. From the results of solute exclusion, there were only
approximately 5% of pores larger than 3.6 nm, which is similar to the results of the
present experiment. The proportion of pores above 4 nm is no more than 10%, which
corresponds to most studies that report a maximum size for swollen cell wall micropores
in the region of 2 to 4 nm (Stone and Scallan 1968; Walker 2006; Hill 2006).
Telkki et al. (2013) used NMR to determine the FSP of softwoods. In his
experiment the lowest freezing temperature was -20 °C, in which about 10% of bound
water was frozen. According to Gibbs-Thomson, the corresponding pores’ diameter is
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about 2 nm; meaning that 90% of bound water is in the pores that are smaller than 2 nm,
which is similar to this experiment (85%).
The pore distributions are different depending on the species; this should be
attributed to the differences of the microstructure between different species. Donaldson
(2007) found that there were differences between microfibrils for different species; this
may influence the sizes of pores existing between the microfibrils.

CONCLUSIONS
1. NMR cryoporometry could be used to determine the bound water content and pore
size distributions of the swollen cell walls of wood. The basis of this method is to
measure the moisture NMR signal changes under different freezing temperatures
according to Gibbs-Thomson effect.
2. By comparing the differences between the T2 relaxation distributions above and below
the melting, the total bound water content of different species were determined: Pinus
sylvestris 39.9%, Cunninghamia lanceolata 38.2%, Populus sp. 38.3%, Fraxinus
excelsior L. 34.6%, Ochroma lagopus 48.1%. The results were obviously higher than
the FSP (appr. 30%), which were measured by the extrapolation method. However,
they were similar to the results by solute exclusion and pressure plate methods, which
can determine the bound water content of saturated wood samples.
3. The swollen bound water content of different species was consistent with the
hypothesis that with the decrease of basic density, the more bound water could be
contained.
4. The experiment results indicated that the proportion of the pore diameter smaller than
1.59 nm was higher than 70%, and that the proportion of the pore diameter larger than
4 nm was no more than 10%, which is similar to the results of the solute exclusion
method.
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