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Abstract: This review summarizes the development of the experimental technique and analytical
method for using TD-NMR to study wood-water interactions in recent years. We briefly introduce
the general concept of TD-NMR and magnetic resonance imaging (MRI), and demonstrate their
applications for characterizing the following aspects of wood-water interactions: water state, fiber
saturation state, water distribution at the cellular scale, and water migration in wood. The aim of this
review is to provide an overview of the utilizations and future research opportunities of TD-NMR
in wood-water relations. It should be noted that this review does not cover the NMR methods that
provide chemical resolution of wood macromolecules, such as solid-state NMR.

Keywords: wood-water relations; TD-NMR; MRI; water state; fiber saturation; pore size distribution;
water migration

1. Introduction

Wood is a hygroscopic and porous material that constantly exchanges water with
surrounding environment. The wood polymers (cellulose, hemicelluloses, and lignin) are
abundant in hydrophilic functional groups, such as hydroxyls and carboxyls, which attract
and bind moisture via hydrogen bonds. Wood also has a hierarchical void structure that
can accommodate water clusters or fluids.

The basic unit of wood is wood cell. Water in green wood can be found in the form
of bound water within the cell wall, and in the form of liquid or vapor state in cell cavity
(lumina, pits, and other intercellular spaces) [1]. Traditionally, cell wall water was nomi-
nated as bound water, while cell lumen water as “free” water [2]. Bound water interacts
with hydrophilic wood polymers and forms hydrogen bonds, which significantly affects
the physical properties of wood [3]. Free water is suggested to drastically increase the
decay susceptibility of wood [4]. The interactions between wood and water greatly influ-
ence wood structure and performance; thus, wood-water relations have been constantly
investigated due to their central role in wood production.

The characterization methods of water in wood have progressed [5], and there are
now various experimental techniques for qualitative analysis or quantitative calculation,
covering a range of moisture content (MC) from the green state with liquid water to the
absolute dry state. The most common method for MC determination is the gravimetric
method, which directly provides information about the amount of water within wood.
Other techniques characterize water indirectly by measuring the properties of water, such as
heat flux, relaxation, spectral features etc., which also provide information for wood-water
interactions. The indirect methods also show great potential in measuring and predicting
MC in wood. For example, near-infrared spectroscopy (NIR) has been used for predicting
the MC and moisture-related properties in wood [6]; the non-destructive ultrasound and
wave-based methods are also sensitive to the change in the MC of wood [7]. The in-situ
monitoring and characterization of wood MC and moisture-related properties will be
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realized with the combination of these indirect methods, which is of great importance for
wood applications as building materials.

Among many experimental techniques for studying water in wood, time-domain
nuclear magnetic resonance (TD-NMR) spectroscopy can cover the entire MC range from
the absolute dry state to the fully water-saturated state [5]. It is also capable of distin-
guishing water molecules within the hierarchical structure of wood, such as cell walls and
cell lumina. Also, by encoding the positional information with the NMR signal, magnetic
resonance imaging (MRI) exhibits spatial information, providing an efficient method for
monitoring water migration at cellular scale during wood drying and water uptake [8].

1.1. Basic Principles of TD-NMR Spectroscopy

Nuclear magnetic resonance (NMR) is primarily a physical phenomenon. TD-NMR,
also known as Laplace inversion NMR, is a rapid non-destructive technique extensively
used to monitor molecular dynamics, even in complex materials. The term low-field NMR
(LF-NMR) has also been used in geological studies because the low magnetic field avoids
the signal from influencing metallic ions, and suppresses the adverse effect arose from
strong heterogeneities for porous materials [9]. The technique relates the measured signal
decay to interactions among nuclear spins, and to the interactions of spins with their
surroundings [10].

The basic principle for using TD-NMR involves detecting a signal using a spectrometer
during the process where protons (hydrogen nuclei) are excited by a radiofrequency in a
magnetic field. A magnet unit within the spectrometer generates a permanent magnetic
field B0. The spins of hydrogen nuclei within the sample (with and against the field)
change the average orientation due to the polarization generated by the field (Figure 1a),
which causes a net magnetization vector M0 with B0 (Figure 1b). The excitation of radiofre-
quency pulses results in a magnetic field B1 oriented perpendicular to B0 (Figure 1c). These
pulses will change the orientation of net magnetization M0 to M [5]. When the radiofre-
quency pulses are withdrawn, the spin system gradually releases energy. The decay of
radiofrequency-induced NMR spin polarization is relaxation. The process of releasing
energy is called spin-lattice relaxation (or longitudinal relaxation), which is manifested by
the gradual recovery of the magnetization vector in the longitudinal direction of B0. At the
same time, the spins interact with each other and cause dephasing in transverse direction.
The dephasing process is called spin-spin relaxation (transverse relaxation) (Figure 1d).
Longitudinal and transverse relaxation can be characterized by two time-domain parame-
ters, longitudinal relaxation time T1 (in the z-axis,) and transverse relaxation time T2 (in
the x-y plane) [11].

Relaxation time distribution investigations range from one-dimensional (1D) measure-
ments to more complicated multi-dimensional ones. 1D NMR methods measure one main
observable—the nuclear relaxation time constant T1 or T2; however, in multi-dimensional
experiments, the signal is measured as a function of two or more independent variables, al-
lowing the spin system to be suitable for different studying purposes [10]. Two-dimensional
(2D) NMR offers an improvement in dispersing the constituents compared with basic 1D
measurements. The relaxation time is measured twice in succession correlating T1–T2
or T2–T2, and so on [12–14]. A T1–T2 correlation map decouples physical and chemical
effects by resolving the overlapping peaks in 1D measurements, and the measurement
of a T2–T2 exchange map with different mixing times quantifies the molecule exchange
rate [14]. The possibility of resolving NMR responses from different components is greatly
improved [15], and it has potential applications in determining relaxation mechanisms for
each component [9].

As mentioned above, before the signal decay is measured, the spins of the sample
are excited by radiofrequency pulses. Different pulse sequences have been applied for
acquiring time-domain parameters. For 1D TD-NMR experiments, the inversion recovery
or saturation recovery is most often used to determine T1. T2 can be determined by free
induction decay (FID) and the Carr-Purcell-Meiboom-Gill (CPMG) sequence [16,17]. The
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FID signal reflects both T2 effect and effect of field inhomogeneity. In the case of wood,
FID provides information on both the solid material and the water inside it, while CPMG
only provides information about the water molecules [18]. The signal of hydrogen nuclei
in wood polymers rapidly decays, which is distinguishable from the water signal. By
adjusting the echo time (TE), the signal decay curve only provides information of the
various water components [19]. Moreover, the CPMG pulse sequence overcomes signal
losses due to field inhomogeneities and self-diffusion [20]. For 2D TD-NMR, sequences are
designed to combine 1D pulse sequences with specific time intervals and gradients [14].
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Figure 1. Schematic diagram of a TD-NMR instrument with four components—magnetic unit,
radiofrequency generator, temperature control system, and data collection system. (a–d) demonstrate
the basic NMR working principle.

Longitudinal and transverse relaxations are both first-order processes; therefore, they
can be described by exponential decay functions with a characteristic relaxation time
distribution [5]. The acquired data is evaluated or deconvoluted using two methods:
discrete multiexponential fitting [21,22] or inverse Laplace transform (ILT) methods [12,14,
15,23]. The ILT methods demonstrate relaxation times in a continuous distribution [12,24].

1.2. The Overview of TD-NMR Applications for Studying Wood-Water Relations

The relaxation property of confined water in porous materials depend on pore size
as well as interactions between the pore wall and water. The Bloembergen-Purcell-Pound
theory (BPP theory) indicates that the relaxation time measurement of the 1H of water
in wood is related to their correlation times of dipolar interaction [9,20], as shown by
Equation (1):
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where ω0 is the Larmor frequency, τc is correlation time, and K is a constant.
According to the surface relaxation theory, the 1H relaxation time measurements

are mainly contributed by the bulk relaxation and surface relaxation of confined water.
Assuming the system is in the fast exchange limit, the exchange time between water
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molecules on the surface and liquid in pore will be short [20]. The relaxation time rates
will be exhibited by all the confined water as expressed by a weighted average of the bulk
(TB) and surface relaxation (TS) rates, as shown by Equation (2) [9,25]:

1
T1

= fs
T1S

+ fb
T1B

1
T2

= fs
T2S

+ fb
T2B

+
Dγ2G2T2

E
12

(2)

where fs and fb are the fraction for the bulk and the absorbed volume fraction within the
pore. D is the diffusion coefficient of water in porous media, γ is the gyromagnetic ratio of
hydrogen nucleus, G is external magnetic field gradient. TE is the echo time. Note that T2
is also affected by diffusion relaxation. If the experiment is done in a uniform low magnetic

field with short echo time, the diffusion relaxation Dγ2G2T2
E

12 can be ignored owing to its
small value [9].

Water in wood is of pore size dependence thus can be distinguished based on relax-
ation time distribution. By measuring the relaxation times and deconvoluting them, the
water components in wood, i.e., cell wall water, cell lumen water in pores with various
sizes, can be evaluated. Since the late 1970s, some studies have carried out 1D NMR relax-
ation analysis, including the establishment of the quantitative relationships between MC
and FID signals [19,26–29]. Later works mainly used CPMG relaxation [18,22,28,30–41].
Further understanding of the water components was presented with the assistance of
T1–T2 TD-NMR [13,42–45]. The fiber saturation state of water-saturated samples can be
determined using a freezing and thawing technique [38,40,46–49]. The spatial distribution
of water was presented by the visualization of MRI [8,45,50,51].

On the basis of the above-mentioned principles, TD-NMR shows potential appli-
cations for studying wood-water relations in full moisture content range from dry to
water-saturated (Figure 2). In this review, the moisture range was separated into two re-
gions, hygroscopic region and the region where cell lumen water appears. The applications
were mapped according to qualitative analysis and quantitative analysis and their coverage
of moisture contents. Here quantitative analysis refers to using amplitude of NMR signal.
Note that this review does not cover the NMR methods that provide chemical resolution of
wood macromolecules, such as solid-state NMR, nor does the review include any diffusion
techniques, such as pulsed-field gradient NMR (PFG-NMR), as the relevant studies were
thoroughly reviewed by Ref. [52] and Ref. [53], respectively.
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2. The TD-NMR Applications in Wood-Water Study

TD-NMR provides detailed insights into the water in wood from the perspective of
relaxation. We summarized the studies based on 1D (CPMG) and 2D (T1–T2 or T2–T2)
pulse sequences for (a) identifying water components in wood over the whole MC region,
(b) re-evaluating fiber saturation state, and (c) detecting the pore distribution in cell walls
and locating cell wall water. Also, MRI technology is introduced for (d) visualizing water
distribution and migration. Several gaps with opportunities for future research were also
briefly discussed.

2.1. States of Water in the Wood

The classification of water components is a critical issue that has been widely discussed
with the help of TD-NMR. Several authors have characterized water in wood based on the
T2 time distribution from relaxation curves [28,33,54–56]. After continuous distribution
inversion of exponentials, the water components are displayed as peaks, and different
water states are classified by different T2.

Wood hierarchical structure varies from millimeter scale to nanometer scale. At
cellular level, take softwood for an example as shown in Figure 3a, a wood block is made
up by growth rings, which are composed of earlywood and latewood cells. The vertical
direction of softwood is mostly composed of tracheid, and the horizontal direction is
mainly the ray parenchyma cells. For certain species such as pine, resin canals are present
in vertical direction as void spaces, which are composed of parenchyma cells that function
as resin producers [57].
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Using CPMG sequence, TD-NMR can identify two states of water based on its location,
which are ascribed to cell wall water and cell lumen water. T2 reveals that cell wall water
molecules in wood display shorter T2, where water molecules are confined in more limited
spaces or more tightly held by wood polymers. Void size greatly affects the motion of water
molecules, the more confined the void space is, the faster the water molecular motion will
be. Water molecules adsorb on hydroxyl groups of wood polymers by hydrogen bonding
in the cell wall, which allows more intimate contact, and a stronger binding energy between
water and cell wall polymers. In this way, the water relaxation occurs faster [18,56,58–61].
The T2 assignments are briefly demonstrated in Figure 3b, where the peak with the fastest
relaxation time was assigned to cell wall water or bound water (~10 ms, blue lined-area).
The other two to three peaks (above 10 ms) in water-saturated or green samples were
ascribed to free water or water in various macrovoids of wood; water in voids or small
cavities appears between 10 to 100 ms (light blue area); cell lumen water appears above
100 ms (dark blue area) [22,35,36,40,46,62]. Table 1 summarizes T2 assignments obtained
from CPMG relaxation curves, where the peaks are assigned based on the physical location
of water in wood. Note that Table 1 only summarizes the references after the year 2006, for
previous studies please refer to Ref. [18].
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Table 1. Literature data for T2 assignments using CPMG experiments.

Reference Species Wood Type MC Range (%) Water Component Assignment and
Their T2 (ms)

Ref. [37]

One tropical (Robinia
coccinea Aublet) and
two temperate (Acer

saccharum Marsh. and
Fagus grandifolia

Ehrh.) hardwoods

Diffuse porous
woods

Determined at
different

equilibrium
moisture contents
during desorption

at 25 ◦C

Fast T2 (0–10, bound or cell wall water);
Medium T2 (10–100, liquid water in fiber
and parenchyma elements);
Slow T2 (above 100, liquid water in
vessel elements)

Refs.
[18,59,63]

Norway spruce (Picea
abies (L.) Karst.)

Acetylated and
furfurylated sapwood

Above fiber
saturation point

Lumen water in earlywood tracheids
moved from about 80–100 ms to
200–300 ms by both furfurylation and
acetylation;
Cell wall water reduced from about 1.4 to
0.65 by furfurylation, while acetylation
had less effect on this water

Ref. [60] Aspen (Populus
tremuloides Michx.)

Hemicellulose-
extracted

pulp
Vacuum-saturated

Free water: 15–150;
Bound water: 1–2;
The removal of hemicelluloses results in
longer T2 for the bound water

Ref. [64] Norway spruce (Picea
abies (L.) Karst.)

Sapwood and
heartwood, mature

and juvenile
Vacuum-saturated

Bound water: 1.2–2.0;
Water in pits: 8.0–31.4;
Water in tracheid lumina: 48.8–95.4;
Surface water on the specimen:
226.7–1469.4

Ref. [39] Radiata pine (Pinus
radiata D. Don)

Sapwood modified
with acetic anhydride
and glutaraldehyde

Water-saturated Two bound water peaks were separated

Ref. [65] Poplar (Populus
euramericana Cv.) Sapwood Vacuum-saturated

Cell wall water: below 10;
Water in small voids or small cavities:
10 to 100;
Cell lumen water: above 100;

The T2 of free water is generally proportional to the lumen diameter; therefore, the
lumen water peaks are highly variable for different wood species due to wood anatomy. In
the studies of water-saturated samples, two lumen water peaks and one surface water peak
have been observed [18,22,47,59]. The two lumen water peaks with different intermediate
T2 ranges were assigned to cell lumina with various pore sizes. The peak with the longest
T2 (100–1000 ms) may result from residual surface water [22]. In Ref. [22], two lumen water
populations of Norway spruce (Picea abies (L.) Karst.) were assigned to void types based
on the void volumes for cell lumen water. The authors attributed the peak with longer T2
to water in the tracheid cell lumina, and the peak with shorter T2 to water in pits (or pits
and ray lumina), as a result of good correlation between the pore volumes and the integral
areas of the T2 peaks for water-saturated sample.

Changes in T2 distributions provide detailed information on the changes in wood
microstructure due to different modification methods. Peak shifts and intensity are often
discussed in wood modification. As shown in Table 1, the removal of hemicellulose pro-
duced longer T2 values for cell wall water [60]. The reduced hydrophilicity also increased
lumen water T2 values for charring [58], furfurylation [18,59,66], acetylation [38,39], and
thermal modification [47,50]. This change occurred because the cell wall became hydropho-
bic due to modification. It was also suggested that the shorter relaxation time resulted
from the reduction in the space accessible to water within the cell wall as a result of cell
wall bulking or crosslinking. The combined results of TD-NMR and differential scanning
calorimetry (DSC) indicated that the cell wall water interactions with wood polymers were
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weaker in acetylated wood [39]. Wood modification could be used as a tool to understand
the state of water in wood in turn [67].

For 1D TD-NMR, we did not find agreement on one specific criterion for the assign-
ment of cell wall water in wood. In 1D NMR measurements, undistinguished peaks were
separated at the T2 time-point with the lowest amplitude, which leads to some ambiguity.
The overlapping peaks in the T2 distribution spectra were assigned to water components
with similar T2 values.

The widths of wood cells are on the order of tens of micrometers. At sub-cellular
level, wood cell walls consist of four layers, primary cell wall and three secondary cell
wall layers (S1, S2 and S3), as in Figure 4a. The primary wall and middle lamella are often
mixed together and difficult to separate, therefore, they are frequently combined into one
part called the compound middle lamella (CML). The adjacent cells are held together by
CML, which is proposed to be a matrix of mainly lignin and hemicelluloses. Secondary
cell wall dominates the most part of the cell wall. The three layers of secondary cell wall
are structurally composed of parallel-oriented cellulose microfibrils, which have different
helical inclinations to the cell axis often termed as cellulose microfibril angle, MFA [68]. The
S2 layer consists of 70–90% thickness of the secondary cell wall, and exhibits low MFA with
the longitudinal axis. S1 and S3 have much higher MFAs, which restrains the deformation
when S2 swells and shrinks.
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and Douglas fir.

In the S2 layer, macrofibrils arrange in concentric lamellar layers in the scale of
10–20 nm [42,69], where cellulose microfibrils aggregate in bundles, embedded within a
matrix consisting of hemicelluloses and lignin [68]. The nanoscale macrofibrils are com-
posed of cellulose microfibril, where glucomannan sheath around microfibrils and xylan
perpendicular to the microfibrils [69]. Lignin encrusts on the surface of hemicellulose and
the remaining S2 volume [69]. The cellulose microfibril bundles are formed by elementary
fibrils surrounded with amorphous cellulose and hemicelluloses.

2D TD-NMR produces a matrix of correlated spectra, which facilitates the dispersion
of physical confinement and chemical influences, as shown in Figure 4b. Employing a more
advanced 2D TD-NMR experiment, cell lumen water (labeled as A) and two different states
of water within the wood cell wall were identified (labeled as B and C). Two components
had similar T2 but different T1 (Figure 4a), thus resulting in only one CPMG peak in
1D NMR. Shorter T1 and T2 indicated a reduced mobility of the water molecules, which
may cause by physically-confined environment like smaller pores. Higher T1/T2 (>1)
ratios indicated the dominant influence of the local chemical composition on decreasing
T2 [42–44,70]. The two components were tentatively assigned to “small water clusters or
mobile water and possibly water in small voids which did not contribute to moisture-
induced deformations (as in Figure 4b—C)” and to “adsorbed water or less mobile water
that swells wood polymers (as in Figure 4b—B)”, respectively [13]. These two water
components were further confirmed to be bound to the mixed sorption sites with different



Forests 2021, 12, 886 8 of 17

natures; thus, they were located in various environments with different mobility [42].
The two cell wall water components were hypothetically assigned to two reservoirs at the
macrofibril scale: the strong cell wall water (B) located in lamellar areas at the interface with
microfibrils and in amorphous areas of microfibrils; the weakly-bound cell wall water (C)
located at the interface with macrofibrils and matrix. In contrast to the previous study [13],
Ref. [42] proposed that both the types of cell wall water would interact with wood polymers
and induce deformation.

The result of Quasielastic Neutron Scattering (QENS) also proposed that two water
components were detected in the cell wall with different dynamic states, namely slow
water and fast water [71]. Slow water corresponded to water interacting with the surface
of the wood polymers, whereas, fast water corresponded to confined water which mainly
interacted with water molecules. Whether the two water components detected by QENS
and 2D TD-NMR are aligned need further research. One possible method could be applying
2D TD-NMR on hemicellulose-removed or lignin-removed wood samples to explore the
changes in cell wall water B and C.

In summary, TD-NMR is a powerful tool for identifying water states at different
moisture contents. In 1D TD-NMR, it is challenging to distinguish overlapping peaks
for cell wall water in wood. 2D T1–T2 TD-NMR shows distinct advantages for resolving
peaks and can distinguish different water components of porous materials with spatially
heterogeneous chemical compositions [72]; however, due to the long T1 signal acquisition
times, experiments should be carefully designed, and the sample tube should be modified
to prevent moisture exchange with the environment.

Determining the water state is crucial for developing a sorption theory. A wood
sorption isotherm has been developed by water cluster theory [73,74] and further verified
by NMR. It was proposed that, at high relative humidity, the hydrogen bonds between
hydroxyl sites and water molecules were weakened because the water molecules formed
clusters with other water molecules, which then moved as a unit from site-to-site. Study
examined the T1 distribution of water bonded to the sorption sites of wood polymers and
found that the exchange between hydroxyl bonds and water clusters was slow in the case of
pine wood [46]. If the assumptions of cluster theory were accurate, the exchange between
the hydrogen-bonded molecules and the clusters should be fast [46]. However, according
to the experimental results of NMR results in Ref. [46], the exchange was slow; thus, the
water cluster model does not seem to be valid in the case of pine. In this case, TD-NMR
showed the ability to study wood-water interactions from the T1 of water molecules. By
identifying the bonding or clustering state of water molecules below the fiber saturation
point, the understanding of sorption theory was enriched from the perspective of molecular
dynamics.

2.2. Determining the MC and Fiber Saturation State

Traditional gravimetric methods cannot distinguish the state of water nor determine
its moisture content separately. With the non-intrusive nature and sensitivity to water,
TD-NMR can be used to quantitatively determine water in wood by measuring proton
concentrations. Studies have shown that TD-NMR is comparable in accuracy and reliability
to the gravimetric method. The measurement is based on the assumption that only water
signal is captured and the relationship between the amplitude of the total signal and the
mass of water in the sample can be precisely calibrated; therefore, the MC of a sample can
be determined instantaneously, regardless of wood species. Thus, it has short measurement
times with a high accuracy [29].

After determining the total amount of water in the sample, the TD-NMR signals were
further analyzed by deconvoluting the T2 relaxation curves. Peaks with different relaxation
time ranges are assigned to different water components; therefore, the TD-NMR signal can
be converted into the MC. In this way, different water components are quantified during
water uptake and drying [40,49,61,75,76].
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Quantitative analysis of the relaxation time distributions is based on the fact that the
MC of each water component can be determined from the integral areas of NMR signals.
The moisture content of each peak is calculated by Equation (3) [46,49]:

MCi =
Si

Stotal
× MCtotal (3)

where MCtotal is the total MC of the wood sample (the ratio of the mass of water to the mass
of the oven-dried wood); MCi is the MC of the subpeaks; Si is the integral of the subpeaks;
and Stotal is the integral of the whole T2 spectrum.

Drying reduces the moisture content in green wood and desaturates the cell wall
water. The moisture content that differentiates between the states of water and indicates
an evident change in wood properties is defined as the fiber saturation point (FSP). The
original definition of the FSP was brought up by Tiemann in 1906 [77]. Tiemann described
the macroscopic behaviour of wood drying and water uptake. The FSP was designated as
the moisture content at which the free water had disappeared, and further reduction of
moisture caused drying of cell walls and changes in wood strength. Later researchers kept
on identifying the definition and further evaluated other properties of wood and water.
Stamm in 1929 described FSP in terms of cellular structure, and emphasized that FSP may
be considered as the state in which the cavity of the fiber is entirely free from water and
its wall is saturated throughout [78]. As almost every wood property is influenced by
cell wall water, therefore FSP could be determined by the total capacity of cell wall water.
Stone and Scallan in 1967 defined that FSP was the amount of water contained within the
saturated cell wall [79]. To measure the FSP, the TD-NMR method followed the definition
of Ref. [79] and related FSP to “the amount of water contained within the water-saturated
cell wall” [38,41,46–49].

For wood with high water contents or complex pore structures, the FSP calculated by
sample relaxation inversion was unstable and tended to decrease upon increasing water
content. The difference was once attributed to the fast exchange between cell lumen water
and cell wall water components [46]. To avoid this error, the MC of cell walls can be
measured and calculated above 0 ◦C and below –3 ◦C in saturated state [46]. Due to the fast
exchange of water components, the integrals of the cell wall water and cell lumen water
peaks do not reflect accurately the amount of water on those sites. As originally shown
in Ref. [46], cooling the sample below melting point of bulk water caused freezing of cell
lumen water in wood sample. This stopped the exchange between the water within and
outside of the cell wall, and only cell wall water signal was observed in CPMG experiment
due to short T2 of ice. Therefore, below −3 ◦C, the water outside of the cell wall is frozen,
and the relaxation signal is not visible; thus, cell wall water signal is exclusively observed.
The comparison of total signal above and below the water melting point determines FSP.
The total MC of cell wall (Mcw) can be calculated using Equation (4):

FSP = Mcw = MCx·
S270K

Sx
(4)

where MCx is the MC at room temperature in the water-saturated state, and S270K is the
integral area at 270 K. In contrast, Sx is the integral area at room temperature. Note that
the signal amplitude is temperature dependent which has to be corrected according to the
Curie equation [46,48,49]. Therefore, the amplitudes measured at different temperatures
should be multiplied by the factor Tx/Tr, in which Tx is the experimental temperature and
Tr is the reference temperature. The reference temperature was selected according to the
actual condition [46].

Based on the integral of the remaining cell wall water peak, taking pine wood for
example, the FSP was calculated to be around 35% [40,41,46,48], which was closer to
the FSP determined by solute exclusion [80]. Moreover, the total cell wall water content
of different species was determined to be approximately 38% to 48% among various
species [48]. The results were higher than the FSP values measured by the extrapolation
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method (approximately 30%), but they were similar to the results obtained from the solute
exclusion method [80], pressure plate technique [2,81,82], and DSC approach [83], which
measured cell wall water content of water-saturated samples.

Adopted from soil studies, the moisture content of cell water and cell lumen water
can be calculated by the T2 cutoff method, which compared the T2 spectrum in the water-
saturated condition at room temperature and cell wall water at −3 ◦C [49]. The T2 cutoff
value was determined by calculating the corresponding T2 value at the intersection of
accumulated data lines at 25 ◦C and −3 ◦C, which further permitted the quantitative
analysis of water components within and outside of the cell wall.

TD-NMR appears to be a potent tool for characterizing water components within
and outside cell walls, which allows further discussion on the theoretical definition of FSP.
Based on a previous debate, it was reported that numerous problems within the reported
range of FSP could be solved by categorizing FSP into two classes: the hygroscopicity
limit (HL) and cell wall saturation (CWS) [84]. The volumetric swelling occurred on the
samples conditioned over distilled water at 20 ◦C for 5 months to the HL state and further
immersed in water for 1 month to the CWS state. The different amounts of water, as
well as the characteristics of the water within the cell wall between HL and CWS, remain
undetermined. Using 1D TD-NMR and freezing-thawing method, the differences in the
FSP for Southern pine (Pinus spp.) between the HL and CWS were clarified [40]. The
results showed that HL FSP was aligned to the MC where volumetric shrinkage drastically
changed; the cell wall water increased by around 10% from the HL state to CWS. The
difference between HL and CWS could be further analyzed by 2D TD-NMR methods (with
freezing-thawing technique if possible).

FSP measurements can be roughly classified into direct and indirect approaches. Most
direct methods require the sample to be water-saturated. The higher FSP values obtained
using these methods may be attributed to the introduction of new water molecules in
the cell wall, while HL is more relevant to the MC determined by indirect methods. The
difference between HL and CWS may somehow provide proof of the fiber saturated region
or state introduced by Ref. [3], which proposed that fiber saturation may not be achieved at a
specific MC (i.e., a point). Instead, it is a gradual transition from a scenario in which new water
molecules enter the cell wall (i.e., up to about 30% MC), leading to the breakage of intra- and
intermolecular H-bonds in wood cell wall polymers, to a scenario in which new water molecules
are accommodated in the cell wall without further breaking the H-bonds in cell wall polymers (i.e.,
about 30% MC to 40% MC). The exact difference between the HL and CWS is still unclear,
and TD-NMR shows great potential for analyzing the discrepancy in this fiber saturation
region.

2.3. Pore Size and Cell Wall Water Distribution

Since cell wall water is still detectable in nanoscale pores at temperatures below
the melting (freezing) point of bulk water [85], the remaining water molecules can be
used as a probe for determining the pore size distribution of wood cell walls, known as
cryoporometry [86,87]. The frozen water has a much shorter T2 than that of unfrozen
water, therefore, only the signal of the remaining unfrozen water is detected [86]. Cell wall
water confined within small pores shows a reduction in its melting (freezing) point. The
melting point distribution can be determined by the amplitude of the signal of the unfrozen
water as a function of temperature [41,47,88,89]. Given the assumption that all pores are
cylindrical, the melting or freezing-point depression is proportional to the pore size, and
can be calculated using the Gibbs-Thomson equation Equation (5) [90,91]:

∆T = T0 − Tm(D) =
−4T0γ1s cos θ

DρH f
(5)

where ∆T is the melting or freezing-point depression at a specific pore diameter; T0 is
the melting or freezing point of bulk water; Tm is the depressed freezing or melting point
at a specific pore diameter; γ1s is the surface energy at the ice-water interface; θ is the
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contact angle between ice and the pore wall; D is the diameter of the pore; ρ and Hf are the
density and the specific heat of fusion of freezing cell wall water, respectively. To calculate
the effective pore diameter D (nm) in accordance with the Gibbs-Thomson equation, the
following parameters are used to obtain a simplified Equation (6): Tm = 273.15 K, γ1s =
12.1 mJ m−2, θ = 180 ◦, ρ = 1000 kg m−3, and Hf = 333.6 J g−1 [90,92].

D =
k

∆Tm
≈ 39.6

∆Tm
(6)

It is estimated that there is a non-freezing layer of cell wall water within pores with
a thickness of 0.3–0.8 nm [86]. A value of 0.6 nm is added to the diameters obtained by
NMR cryoporometry to determine accurate pore sizes [47]. It should be noted that the
resolution and accuracy of pore size distribution obtained by NMR cryoporometry are
critically dependent on temperature resolution as well as temperature gradient within the
sample [9]. Choosing the reliable temperature controlling equipment with high resolution,
and allowing the sample to be stabilized in the cooling environment for enough time may
give a sound and repeatable result.

A closely-related technique also involves thermoporometry using DSC measure-
ments. Similarly, this method is based on the fact that frozen water within small pores has
an elevated internal pressure with a lower melting point at an appropriate pore diame-
ter [83,92–94]. Both NMR and DSC measurements are promising for studying wood-water
relations. Compared with TD-NMR, DSC requires a slice of the sample on the scale of
10 mg or so, which is easy to acquire, but the low sample mass results in a rather low
signal-to-noise ratio. On the other hand, TD-NMR provides more stable and reproducible
results [39]. The sample tube of TD-NMR equipment allows for larger samples, and some
can even be designed with 150 mm in diameter, which is more instructive for practical
applications in the wood industry. Moreover, the sample tube can be designed to realize
in-situ relative humidity (RH) conditioning [42,95].

TD-NMR cryoporometry results have indicated that the pore size distribution of
water-saturated cell walls is not homogeneous, where bound water sites are mostly below
2.5 nm in diameter [47]. The moisture in pores larger than 5 nm did not exceed 10% of the
total quantity of cell wall water, while the proportion of pores with diameters below 2 nm
was about 70% [48]. Setting more temperature points gave a more specific pore diameter
distribution in the water-saturated state [41]. With high resolution of temperature control
apparatus and optimized experimental conditions, TD-NMR cryoporometry can be used
to measure pore size distribution from 2 nm to 1 µm [9].

Since the pore size is directly related to the specific melting or freezing point given
by the Gibbs-Thomson equation, the MC distribution in nanopores can therefore be de-
termined by TD-NMR at each temperature point [40]. That is to say, the distribution
of freezable moisture can be accurately assigned to a range of pores by calculating the
nonfreezing MC from the integral of the T2 relaxation spectra at different temperatures.
Observing the T2 spectra during freezing and melting may provide an insight into the
dynamic changes of subpeaks. Equation (7) gives the freezing water distribution within
various nanopores as a percentage (DP).

DP =
∆Mn f cw

Mcw
(7)

where ∆Mnfcw is the amount of freezing cell wall water between two specific temperature
points below –3 ◦C, and Mcw is the total moisture content of cell wall water.

Using this method, the nanopore water distribution can be calculated, and a difference
of up to 11% in MC was detected in the cell wall nanopores between 1.73 nm and 13.80 nm.
A total of 6.34% of freezing cell wall water was estimated in the nanopores of the cell
wall matrix components, and 5.06% was attributed to water within the nanopores of
inter-microfibrils [40].
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2.4. MRI and Water Transport

MRI obtains spatial pictures of the non-homogeneous and time-dependent water
distribution within wood, as well as water migration in the unsteady state, and dynamic
changes during water uptake or drying.

Based on the same principle as TD-NMR, the MRI technique is equipped with con-
siderably stronger magnetic field gradient pulses in addition to a static magnetic field.
The additional gradient field is applied to encode the signal in space; therefore, spacial
information is provided [96]. MRI mainly reflects the spatial distribution image of free
water [45,50,51,97,98]. With the assistance of TD-NMR, the water components can be
separated and projected as a moisture profile in one dimension [8,30,99–104].

For instance, setting the sample at one fixed place, the moisture content distribution
was mapped onto multiple positions covering the whole sample [102]. In such experiments,
the sides of the samples were commonly sealed, only allowing water to enter into the wood
from one side. The water within wood was projected into a MC profile based on the NMR
signals, providing a clear picture of water migration and a gradient distribution during
water uptake and drying [103].

To visualize the water distribution in wood samples, MRI can be applied to both
hygroscopic [51,94] and above-FSP ranges [11,47,105,106].

Taking Ref. [50] for example, MRI was used for characterizing unmodified and
thermally-modified pine wood samples. The samples were measured as a function of
immersion time. Setting sample slices oriented along the axial to the radial planes of wood,
the middle slice was selected for the measurement. 1D profiles of the image intensity along
the axial direction were plotted. The signal amplitude in each pixel was directly propor-
tional to the MC of cell lumen water at that position. Only cell lumen water signal was
visible in the images because the relaxation time of solid wood and cell wall water is shorter
than the echo time [47]. The images of MRI vividly demonstrated the water absorption
rate and gave a clear picture of the water distribution in earlywood and latewood.

MRI has also been used to spatially detect fungal decay at the initial stage and to
visualize the decomposition process with the combination of T1–T2 analysis, as a result
of newly produced free water becoming visible in the active regions of fungus and the
damages in the microstructure [45,107].

The MRI results can be analyzed as well by combining them with other experimental
techniques. For example, Ref. [51] mapped the distribution of cell lumen water and cell
wall water in four tree species under equilibrium moisture contents below the FSP, and
interpreted the obtained MRI spectra with the help of scanning electron microscopy images.
The limit of MRI application in wood water studies may be the inaccuracy of its quantitative
information in the hygroscopic range.

3. Remaining Issues

During the last couple of years, several new findings within wood-water relations
have been found using TD-NMR. The technique appears to be a helpful tool, but some
challenges remain.

Due to limitations of the instrumentation, some critical experimental issues should
be addressed to study water in wood. Most of these issues can be solved by sequence
setting and experimental design. To capture enough information, a suitable sequence
should be chosen, and the parameters should be set with caution. A sample with maximum
moisture content is suggested to be used to determine the duration of a scan to record a
fully decayed signal. Moreover, the dead time of a specific instrument limits the detection
of the components with the shortest relaxation time. To compensate for this, it is suggested
that at least five data points should be acquired before the shortest expected characteristic
relaxation time to yield reasonable curve fits [5]. When dealing with the signal acquired
from TD-NMR, the deconvolution algorithms vary among previous studies, which leads
to difficulties in peak assignments. To ensure consistent data analysis, results should be
compared using the same deconvolution method. Moreover, the existing Laplace inversion
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ILT methods exhibit artifacts [14], and more efficient acquisition protocols and analysis
approaches must be developed.

Several problems still exist beyond experiments. One is the lack of understanding for
the sequence settings and relaxation mechanism for wood-study researchers, which acts as
a barrier to the application of TD-NMR for studying wood-water relations; however, this
may be tackled by interdisciplinary research and cooperation. The other is the rather long
signal acquisition time. The sequence contains a large number of radiofrequency pulses,
leading to an increase in the sample’s temperature, which can be problematic because
isothermal conditions are required for TD-NMR and certain wood-water studies. One way
to tackle this problem is to apply the modified CPMG pulse sequence with varying waiting
time, which could be designed to shorten the total experiment time, as in Ref. [46]. Another
method is to equip a cooling system at the bottom of the sample tube, which will keep the
sample at a more stable temperature. The sample tube should also be improved to maintain
a stable RH environment for long time scale detection. For experiments underwent in
hygroscopic range, the saturated salt solutions could be equipped into the sample tube for
RH control as suggested in Ref. [102] and Ref. [42].

In water distribution studies, limitations also exist for MRI technique. One drawback
of using MRI to study wood drying is the low signal intensity below the FSP where the
remaining water exhibits low mobility. Below the FSP, water molecules have a relaxation
time similar to the solid wood polymer because the cell wall water molecules are tightly
bonded to wood. The shorter T2 time limits the use of spin-echo sequences, leading to
uncertainty when attempting to quantify MC based on the signal. The use of MRI to study
wood is mainly appropriate for high RH and above FSP regions where the water signal
exhibits a longer relaxation time.

4. Conclusions

Although TD-NMR has been applied to identify water components, there are still few
strict rules, principles, or standards that define how to accurately separate each component.
However, it is clear that 2D TD-NMR will play a dominant role in providing considerable
insight into water components. The combination of TD-NMR with other techniques is a
new trend for identifying water components and water dynamics at a molecular level.

Being a powerful measurement technique covering the full moisture content range,
TD-NMR can provide moisture content information about the fiber saturation range, which
has been long discussed and of significance in wood product processing industry.

The pore size distribution in water-saturated samples can be detected by TD-NMR
using a freezing-thawing technique, which may provide information about the physical
distribution of cell wall water.

MRI exhibits promise for visualizing water migration in wood, which is of practical
use to wood drying techniques.
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