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Abstract

The change in the pore size of cell walls affects many physical properties of wood.
In this paper, the dynamic changes in the pore size of wood cell walls during drying
and moisture adsorption were studied at four relative humidities. The results showed
that the average pore size of cell walls of Qingpi poplar (Populus- platyphylla var.
glauca) was larger than that of pine wood (Pinus sylvestris var. mongolica Litv.)
under the same experimental conditions, and the changes in pore size of Qingpi
poplar cell walls were more sensitive to ambient humidity no matter whether dur-
ing drying or moisture adsorption. Moreover, the average pore size of cell walls at
saturated-water state is about 2.5 times of the average pore size of cell walls when
woods reached the moisture absorption equilibrium from the oven-dry state. This
article is useful for the wood manufacture industry and for wood modification. It is
not only important for wood processing and utilization but also for the research on
other porous materials.

Introduction

Wood is widely used in furniture and building industry, although it is easily
affected by the change in moisture content (MC). It is generally believed that
below the fiber saturation point (FSP), the moisture molecules combine with
wood by hydrogen bonds. Representative theories of moisture adsorption are the
monomolecular layer adsorption theory and the multimolecular layer adsorption
theory. The former is represented by the Langmuir theory (Hailwood and Hor-
robin 1946: Langmuir 1918) and the latter by the BET (Brunauer, Emmett and
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Teller) theory (Brunauer et al. 1938) and the Polanyi adsorption potential theory
(Dubinin 1966). The pore size of cell walls shrinks with drying and increases
with moisture adsorption, which has a great impact on the macrosize and physi-
cal properties of wood. Hence, the study of wood pore size is important for wood
modification and wood building industry.

The International Union of Pure and Applied Chemistry (IUPAC) classified
the pore size of porous materials into micropores (<2 nm), mesopores (2—-50 nm)
and macropores (> 50 nm) (Everett 2009). Many methods have been proposed to
study the pore size, some of which are also applicable to wood. Mercury intru-
sion porosimetry is an effective way for macropore measurement in wood (Vitas
et al. 2019). However, the wood sample needs to be dried, and during mercury
intrusion, the pore structure might be destroyed. Gas adsorption isotherms are
capable of detecting micropores and mesopores (Yang and Tze 2017; Yin et al.
2015). However, for the traditional N, adsorption, the wood sample needs to be
dried and conducted at a low temperature (< —196 °C), which potentially affects
the wood’s microstructure. In the water vapor sorption detection (Driemeier et al.
2012; Gronquist et al. 2019), the original cell wall nanostructure can be retained
since the wood is not completely dried, but it is not time-saving enough. Scan-
ning electron microscopy (Galmiz et al. 2019) could offer comprehensive infor-
mation on the pore structure, but the preparation of samples is complex and the
field of vision is small, and even worse, only partial information on pore materi-
als could be obtained. Besides, small-angle X-ray scattering (Kalliat et al. 1983;
Penttiléd et al. 2019) and atomic force microscopy (Hanley and Gray 2009) were
also used for pore size detection, but inevitably, the sample flatness will greatly
affect the results.

In comparison, time domain-nuclear magnetic resonance (TD-NMR) technique
has attracted much attention in the study of porous materials due to its non-destruc-
tive and efficient advantages (Adebayo et al. 2017; Ghomeshi et al. 2018; Li et al.
2015; Meyer et al. 2015). Nowadays, it is affirmed to be efficient in studying the
pore size of wood-based materials. Gao et al. (2015) studied the pore size distribu-
tion in swollen cell walls of wood by nuclear magnetic resonance (NMR) cryoporo-
metry. Their results showed that the proportion of pores smaller than 1.59 nm was
more than 70%, and the proportion of the pore diameter larger than 4 nm was no
more than 10%. The NMR cryoporometry and relaxometry analyses of thermally
modified pine wood (Pinus sylvestris) (Kekkonen et al. 2014) indicated that the
sizes of bound water sites are mostly below 2.5 nm in both thermally modified and
unmodified pine wood. Besides, the size of cell wall micropores is between 1.5 and
4.5 nm (Kekkonen et al. 2014). The TD-NMR was also applied to the determination
of the average pore size and distribution in an ancient larch wood (Viel et al. 2004),
and the results revealed that the average dimension of the pores was about 1 nm and
the distribution was found to be strongly asymmetric.

Although the pore size of wood has already been investigated by TD-NMR tech-
nique, there are few studies available on investigating the dynamic change in the
pore size during drying and moisture adsorption. The change in pore size has a big
influence on the wood properties, which is very important not only for the wood
manufacture industry but also in wood modification.
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Materials and methods
Materials

Two kinds of fresh wood, Qingpi poplar and P. sylvestris, were used in this exper-
iment, and both of them were harvested from the surrounding areas of Hohhot,
Inner Mongolia of China, with an approximate age of 10 years. The specimens
were cylindrical with the dimension of 12 mm (@)X 20 mm (L). All specimens
were drilled from the xylem of the sapwood parallel to the fiber direction, and 4
specimens for each kind of wood were obtained.

Four kinds of SBA-15 molecular sieves with an average pore size of 0.3 nm,
1 nm, 2.67 nm and 4.78 nm (Nanjing Jicang Nano Technology Co., Ltd) were
used for NMR-T, (spin—spin relaxation time) measurements to establish the
standard curve between T, relaxation time and pore size.

Four kinds of analytical grade salts (Tianjin Beilian Fine Chemicals Develop-
ment Co., Ltd), including magnesium chloride (MgCl,), sodium bromide (NaBr),
sodium nitrate (NaNO;) and potassium sulfate (K,SO,), were used to prepare
saturated salt solutions to obtain different relative humidities during drying and
moisture adsorption.

Experimental methods
T, measurement of molecular sieves

The SBA-15 molecular sieves were firstly water-saturated at room temperature
and then detected for the NMR-7, measurements using a TD-NMR spectrome-
ter (Bruker Minispec mq 20 NMR spectrometer, Bruker Corporation, Karlsruhe,
Germany). The console operated at 19.95 MHz inside the magnetic body at a
constant temperature of 40 °C; the probe diameter was 18 mm, and the dead time
was 4.5 ps. A CPMG (Carr—Purcell-Meiboom—Gill) sequence was used for the
T, measurement, with a 90° pulse width of 14.94 ps and a 180° pulse width of
30.5 ps; the number of scans was 8; the cycle delay was 2 s; 200 echoes were
used with the half echo time of 0.1 ms.

T, measurement of water in wood during drying and moisture adsorption

Firstly, four kinds of saturated salt solution were prepared and then poured into
four desiccators, each solution with the addition of a small amount of correspond-
ing salt to make it supersaturated. In addition, a thermohygrograph (white disk
in the desiccator as shown in Fig. 1) was placed in each desiccator to record the
internal temperature and humidity. To prevent the wood specimens from falling
into the salt solutions, a piece of plastic gauze was placed on the magnetic holder.
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Fig. 1 Equipment for wood drying. The desiccator with saturated salt solution at the bottom and a ther-
mohygrograph and wood sample on the stand (top left); four desiccators as described in a placed in the
drying oven (bottom left); the working drying oven (right) (b)

The wood samples were dried at a relatively low temperature of 40 °C at four dif-
ferent relative humidities via a drying oven as shown in Fig. 1.

Four desiccators were heated in a drying oven at 42 °C (the temperature inside des-
iccators is about 40 °C, as recorded by thermohygrograph) for 24 h so that the tempera-
ture and relative humidity inside the desiccators could reach the experimental condi-
tions. The relative humidities of the four saturated salt solutions at 40 °C according to
OIML R 121 (standard relative humidity value of saturated salt solution) are shown in
Table 1.

Prior to the 7, measurements, all specimens were firstly immersed in distilled water
for water saturation, in a vacuum (—0.084 MPa) for 24 h at room temperature, so as to
ensure all pores in the wood were water-saturated. In doing so, the 7, signal of water,
in particular the bound water in wood during drying and moisture adsorption, was
detected.

During the drying process, the water-saturated specimens of each type of wood
were dried under different relative humidities in four desiccators. After differ-
ent drying intervals, the specimens were taken out of the desiccators and placed
into the nuclear magnetic probe for NMR 7, measurements. The 7, measure-
ments were taken by using a CPMG (Carr—Purcell-Meiboom—Gill) sequence; the

Table 1 Relative humidity
of five kinds of saturated salt
solutions at 40 °C

Saturated salt solutions MgCl, NaBr NaNO; K,SO,

Temperature (°C) 40
Relative humidity (%) 31.6 53.2 71 96.4
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number of echoes was set at 6000, so as to acquire all water signals in wood, and
the other parameters were the same as those for the determination of molecular
sieves. For each specimen, multiple 7, measurements were required during the
entire drying process at the respective relative humidity, the intervals between
each T, measurement being gradually increased with drying. When the weight
change was less than 0.1% of the last weight after 48 h, it was considered that
the equilibrium moisture content (EMC) was reached and the drying process was
accomplished, and hence, the 7, measurements of drying were taken. Finally, all
specimens were oven-dried at 105 °C for 24 h.

After the drying procedure, all oven-dried specimens were put into the same des-
iccators for moisture adsorption at room temperature, and the 7', signals of adsorbed
water in wood were acquired during the moisture adsorption. Similar to the 7, meas-
urement of the drying procedure, multiple 7, measurements were also required dur-
ing the entire moisture adsorption at the respective relative humidity for each spec-
imen, the intervals between each 7, measurement being gradually increased with
moisture adsorption. 7, measurements were taken until the EMC was reached. The
parameters were basically the same as those for the 7, measurement of molecular
sieves; the number of echoes was set at 100 due to the relatively low MC.

T, data were inversed by CONTIN arithmetic (Provencher 1982), and hence,
the average pore size of cell walls during drying and adsorption was calculated by
the inversion results.

Results and discussion
Calculation of the pore size

Generally, the T, relaxation of water in porous medium could be expressed as the
sum of bulk relaxation, surface relaxation and diffusion relaxation (Durrett 1984;
Toumelin et al. 2007):

1 1 1 D(yGTy)?

— = — 4 — 4 —
T2 T2B T2S 12 (1)

where TL is the total 7, relaxation rate, Tla is the T, relaxation rate of bulk water, TLzs is
the T, relaxation rate of water on the internal surface. DGGTR? is diffusion relaxation,
D is the diffusion coefficient of water in porous media, y is the gyromagnetic ratio of
hydrogen nucleus, G is external magnetic field gradient, herein, G0 Gs/cm since
the external ma%netic field is approximately uniform. Ty is echo time, here it is
0.1 ms. So —*~ D(VGT can be ignored owing to its small value.

Usually, bulk water has a low relaxation efficiency, and there is no bulk water in
wood; hence, i in Eq. (1) could be ignored. Moreover, the interaction of solid-lig-

uid interface accelerates the water relaxation, and the surface water contributes to
the main relaxation (Li et al. 2015). In this case, Eq. (1) is simplified as:
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Lol y(8) o
T, Ty \%
where p is the surface relaxivity, S is surface area, V is volume, Sis specific surface

area. The T, relaxation of water in porous medium can usually be written as (He
et al. 2005)

Lop(3)=)5 3

where r is the pore diameter, and F is the geometric shape factor. It is assumed that
the pores in wood are all cylindrical pores; hence, F,=2 (He et al. 2005). The pore
size is proportional to T, values as shown in Eq. (4):

.
L=5 @)

The SBA-15 molecular sieves are taken as standard samples since they have
hygroscopic and cylindrical pores, which is similar to wood. As shown in Fig. 2,
there is a linear relationship between T, relaxation time and pore size. Here, the
average pore size of wood cell walls is calculated during drying and moisture
adsorption based on the linear fitting equation in Fig. 2.

Changes in the pore size of cell walls during drying

Normally, free water mainly exists in the cell lumina, the change of its content only
affects the mass of wood itself, and there are no evident structural changes when
increasing the moisture content above the FSP (Jakob et al. 1996). The main pro-
portion of bound water exists in S, layer of the secondary cell wall and is bound to
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The linear fitting equation:
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Fig.2 Relationship between T, relaxation time and pore size
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hydroxyl groups of hemicelluloses and the surfaces of cellulose microfibrils (Hof-
stetter et al. 2006; Engelund et al. 2013). The change in moisture content results in
the shrinkage and swelling of wood below FSP. During drying, the thermal energy
accelerates the water firstly and then evaporates it out of the cell walls. The water-
swollen polysaccharide matrix shrinks strongly, pulling the cellulose microfibrils
closer to each other (Penttild et al. 2020), which is the main reason for the change in
the pore size of cell walls, even the macrosize of wood. Therefore, the decrease in
bound water is the most important factor causing shrinkage.

Figure 3 shows the change in pore diameter of the cell wall during drying at dif-
ferent relative humidity. The calculation results of the pore size are in agreement
with previous studies (Stamm 1967; Fengel 1970; Li et al. 1993; Grigsby et al.
2013). It can be seen that the average pore size of cell walls of Qingpi poplar is 2.2
times larger than that of P. sylvestris at the beginning of drying. The pore diam-
eter of wood cell walls decreases with drying, the lower the relative humidity, the
more thorough the wood drying, and therefore the smaller the average pore size of
cell walls. For both kinds of wood, the increasing relative humidity slows down the
decrease in pore size, but the differences in wood species led to a different humidity
sensitivity. The changes in cell wall pore size of Qingpi poplar are more signifi-
cantly affected by the change in relative humidity. In comparison, the change in the
pore size of P. sylvestris is more sensitive to high relative humidity (96.4%). Moreo-
ver, for both wood species, the average pore size of the cell walls is basically equal
when the relative humidities are 31.6% and 53.2%.

For both hardwood and softwood, the wood cell walls are composed of longitu-
dinally oriented cellulose fibrils embedded within an amorphous hemicellulose and
lignin matrix (Gibson 2012). Normally, the cellulose content is almost equal, but
the hemicellulose content in hardwood is more than that in softwood, and the lignin
content in softwood is more than that in hardwood. Qingpi poplar is a hardwood,
and P. sylvestris is a softwood. The change in the pore size of cell walls shown in
Fig. 3 is probably caused by the different content in hemicellulose and lignin. Com-
pared with P. sylvestris, Qingpi poplar has a higher content of hemicellulose and

(a) (bz0
4.0 —=—31.6% RH —=—31.6% RH
—e—53.2% RH —e—53.2% RH
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Fig.3 Pore size of P. sylvestris and Qingpi poplar during the drying process. a Change in pore size of P.
sylvestris and b change in pore size of Qingpi poplar
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less content of lignin. In this case, it has more sites to accommodate water mol-
ecules, the water molecules in the cell walls easily interact with water molecules in
the surrounding environment, and hence the change in pore size of cell walls is more
sensitive to the change in relative humidity. Furthermore, there is more lignin in P.
sylvestris, which weakens the exchange of water molecules between wood cell walls
and the ambient environment. Therefore, the change in the pore size of cell walls is
only slowed down at the highest relative humidity.

Changes in the pore size of cell walls during moisture adsorption

According to the BET (Brunauer—-Emmett—Teller) adsorption theory, a few water
molecules enter wood firstly and then bind to cell walls in a monomolecular layer;
the subsequent water molecules combine with the absorbed water molecules form-
ing a multimolecular layer. During the adsorption process, water molecules enter the
cell walls, causing swelling of the material, occupying space between the microfi-
brils and thereby forcing them apart. Furthermore, the microfibrils themselves expe-
rience a change in dimension (Zabler et al. 2010; Toba et al. 2012), which changes
the pore size of cell walls, and finally leads to the macroscopic swelling of wood
(Murata and Masuda 2006). Figure 4 shows the change in the pore size of cell walls
for both wood species, which agrees with a previous study (Lin et al. 1987).

Figure 4 shows the average pore size of cell walls was basically unchanged at
31.6% relative humidity and 53.2% relative humidity. It indicates that there are a few
water molecules entering wood at this relative humidity, and it is not enough to wet
the cell walls of the wood and cause it swelling. There is a small increase in the pore
size of cell walls in P. sylvestris at the end of moisture adsorption since the relative
humidity increases to 71%. Moreover, it is 10 h later when the pore size of the cell
walls in Qingpi poplar is gradually increasing, yet for P. sylvestris, it is more than
30 h. Besides, there is a large increase in the pore size of cell walls at the highest rel-
ative humidity (96.4%). In comparison, the pore size of cell walls of Qingpi poplar
is 2.4 times bigger than that of P. sylvestris. It is supposed that the different changes
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—e—53.2% RH R 3.0 532%RH —v
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Fig.4 Pore size of P. sylvestris and Qingpi poplar during moisture adsorption process. a Change in the
pore size of P. sylvestris and b change in the pore size of Qingpi poplar
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in the pore size of cell walls derive from the differences in hemicellulose and lignin
contents. Compared with Qingpi poplar, the pore size of P. sylvestris only shows a
sensitivity to the highest humidity due to the higher lignin content; in other words,
only when the concentration of water molecules in the environment is high enough,
the water molecules will enter the wood cell walls and cause wood swelling.

In addition, the pore diameter of the cell walls of P. sylvestris at water-saturated
state is about 2.6 times larger than when the oven-dried P. sylvestris achieves adsorp-
tion equilibrium. For Qingpi poplar, it is about 2.4 times larger. This is because
when the wood is completely dried, most of the cell wall pores are closed. When the
wood is wetted again, only parts of the cell wall pores could be reopened (Fengel
1970).

Conclusion

The dynamic changes in the pore size of wood cell walls during drying and moisture
adsorption at different relative humidities were studied, and the following conclu-
sions are drawn

1. Whether at water-saturated state or at moisture adsorption equilibrium state at
96.4% relative humidity, the average pore size of cell walls of Qingpi poplar is
about 2.2 times larger than that of P. sylvestris.

2. Compared with P. sylvestris, the change in the pore size of cell walls of Qingpi
poplar is more sensitive to ambient humidity during drying and moisture adsorp-
tion.

3. For both wood species, the average pore size of the cell walls at saturated-water
state is about 2.5 times that of the average pore size of cell walls when woods
reached the moisture absorption equilibrium from oven-dry state.
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