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Abstract

The effects of different microwave energy densities (0, 60, 80, and 100 kWh/m3)
on the gas permeability of sapwood and heartwood of radiata pine in the longitu-
dinal, radial, and tangential directions were investigated. The multi-scale pore size
distribution was systematically analyzed with various analytical methods. High
intensity microwave (HIMW) treatment significantly improved the gas permeability
of the wood in three directions, and the gas permeability was positively correlated
with the microwave energy density. The gas permeability of the treated sapwood
was 1.6-2.5 times higher, and that of the treated heartwood was more than 6 times
higher than the untreated wood at the microwave energy density of 100 kWh/m?>.
The HIMW treatment significantly affected the pore size distribution. In the
micropore—mesopore (<50 nm) range, the surface area and average pore diameter of
the treated sapwood samples were 10.68% and 17.12% higher, respectively, and the
total pore volume was 31.50% lower than that of the untreated sample. However, the
specific surface area and total pore volume of the heartwood samples were 14.92%
and 26.06% lower, respectively, and the average pore diameter was 35.55% higher at
the microwave energy density of 100 kWh/m?. Treated wood mainly had slit-shaped
mesopores (< 10 nm). For macropores (> 50 nm), treated sapwood displayed 20.57%
total pore volume increase and 11.66% porosity rise; treated heartwood showed
31.24% total pore volume rise and 20.78% porosity increment. Furthermore, SEM
results showed HIMW treatment damaged weak structures like the compound mid-
dle lamella and ray parenchyma cells.
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Introduction

Radiata pine is the dominant species of softwood logs and timber imported to
China. It is widely used for manufacturing furniture and wood-based compos-
ites. However, some properties, such as low density and low decay resistance,
limit its application as structural components and outdoor materials. Therefore,
wood modification treatments, such as heat treatment, impregnation modification,
and other technologies, have been employed to enhance wood properties aiming
to enable the multifunctional applications of radiata pine wood (Boonstra et al.
2007). Nevertheless, the low permeability of radiata pine wood (especially heart-
wood) increases both drying cycles and defects of sawn timber and reduces the
penetration degree of functional agents. Therefore, it is necessary to improve the
permeability of radiata pine to expand its application. Research on this subject
has focused on microbial erosion, chemical degradation, ultrasonic, supercritical
carbon dioxide, and microwave treatments (Jang and Kang 2019; Lehringer et al.
2009; Tanaka et al. 2010; Torgovnikov and Vinden 2009).

Microwave treatment of wood is efficient for the mass production of large sam-
ples. The heat from the microwaves polarizes and rotates the water molecules
in wood, generating a large amount of heat due to friction (Yongsawatdigul and
Gunasekaran 1996). The chemical composition in wood cell walls changes under
the heat, which affects wood mechanical properties (Wang et al. 2022). When
the vapor pressure inside the wood surpasses the strength of weak tissues (such
as microfibrils, pit membranes, compound middle lamellae, and ray parenchyma
cells), it will cause micro-mesoscopic damage to wood cells or tissues. This can
potentially result in the formation of macroscopic cracks, consequently enhanc-
ing the wood permeability (Torgovnikov and Vinden 2009; Weng et al. 2020).
Torgovnikov et al. conducted a systematic study on the influence of microwave
treatments on the wood structure. The damage level caused by the microwave
treatment was divided into seven categories (Torgovnikov and Vinden 2010). The
treated wood samples were then impregnated with a copper naphthenate solution,
creosote, and copper chromium arsenic to prepare preservative railway sleepers
(Vinden et al. 2011). Other researchers classified microwave-treated wood into
three types based on the wood volume expansion rate, the level of wood damage,
and the decrease in mechanical strength (Xu et al. 2020). The classification is
listed in Table 1. Although a normative evaluation of the effect of the high-inten-
sity microwave (HIMW) treatment has been conducted, most studies focused on
changes in the microstructure or single-scale pore size. Therefore, comprehensive
investigations into the multi-scale pore size distribution of HIMW-treated wood
are notably absent from the existing research.

Wood is a porous material consisting of macro-capillary and micro-capillary
systems (Hao et al. 2020). The pore size distribution of wood determines its pro-
cessing quality, such as the drying rate, mechanical strength, and permeability
of modifiers. It also significantly affects the environmental properties of wood
products, such as thermal insulation and sound absorption performance (Fan
et al. 2022; Jang and Kang 2019). According to the International Union of Pure
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and Applied Chemistry (IUPAC), the pore size of wood is commonly divided
into three types: micropores (pore diameter <2 nm), mesopores (pore diameter
2-50 nm) and macropores (pore diameter >50 nm) (Jang et al. 2020; Jang and
Kang 2019; Yin et al. 2015). Yin et al. (2015) categorized the pore types in wood
according to the pore size. Micropores are gaps among microcrystals, microfi-
brils, and fibrils in the cell walls, and their average diameter is 1.0-4.5 nm (Li
et al. 2021). Mesopores mainly consist of slit-shaped pores on the dry or wet cell
walls, including smaller pores in bordered pit membranes (Kaack et al. 2019).
Micropores and mesopores in wood cell walls have been proved to affect adsorp-
tion performance, mechanical properties, and weather resistance of wood (Kojiro
et al. 2010; Ostlund et al. 2010). Macropores encompass cell cavities and pits
on the cell walls, including vessels and fiber cavities within hardwood, as well
as tracheid cavities, resin canals, and bordered pits within softwood. Macropores
are the main channel for the movement of liquid and gaseous substances in wood.
However, their adsorption performance and capacity to retain absorbed sub-
stances are found to be less potent compared with mesopores (Abe et al. 2001).
Numerous sophisticated analytical techniques have been developed for
directly or indirectly characterizing the pore size distribution of wood. Among
the direct methods are microscopic imaging techniques such as computed
tomography (CT), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), atomic force microscopy (AFM), and optical microscopy.
These methods allow for the observation and quantification of pores (Grigsby
et al. 2013; Zauer et al. 2014). Indirect approaches, on the other hand, encom-
pass techniques like Brunauer—Emmett—Teller (BET) analysis of gas adsorption
data (N, BET, CO, BET), mercury intrusion porosimetry (MIP), differential
scanning calorimetry (DSC), and low-temperature nuclear magnetic resonance
(NMR). These methods have been widely used to determine the multi-scale pore
size distribution of wood materials (Grigsby et al. 2013; Zauer et al. 2014). As
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Fig. 1 Testing methods for analyzing pore size distribution and typical ranges
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shown in Fig. 1 (Anovitz and Cole 2015; Giacomozzi et al. 2019), divers test-
ing methods possess distinct application conditions and characterization ranges
because of different test principles. Therefore, a single test method has limita-
tions for characterizing multi-scale pore size distributions. However, due to the
intricate nature of wood’s pore size distribution and pore network, a more com-
prehensive understanding of the pore system in wood materials can be achieved
by employing multiple testing methods that leverage their complementary
characteristics.

In general, one main purpose of the study is to investigate the effect of HIMW
treatment on the gas permeability of radiata pine sapwood and heartwood at
different microwave energy densities. In addition, a comprehensive approach
involving nitrogen adsorption—desorption (NAD) analysis, 'H NMR, MIP and
SEM was adopted to analyze the impact of HIMW treatment on the pore size
distribution of both sapwood and heartwood, spanning from the microscale to
the macroscale. Through these analyses, the mechanism of the HIMW treatment
on the wood structure was elucidated. It is hoped that this research will provide
valuable guidance for the efficient drying and subsequent functional improve-
ment of radiata pine wood. Simultaneously, the study aims to provide theoretical
insights that can drive the further development of HIMW treatment, ultimately
facilitating the high-value utilization of wood materials.

Materials and methods
Materials and HIMW treatment

A New Zealand radiata pine (Pinus radiata D. Don) log, with a length of 2 m,
a diameter of 450 mm at breast height, and an age of 23 years, was used in
this study. The log was sawn into lumber pieces with dimensions of 800 mm
(L)*90 mm (7) X 50 mm (R). The pieces were categorized into sapwood (S) and
heartwood (H). The densities of the sapwood and heartwood at 12% moisture
content were tested as 0.41 g/cm> and 0.47 g/cm?, respectively. After adjusting
the moisture content of the sawn lumber to 60 + 10% by the gravimetric method,
the pieces were sealed at the ends with epoxy resin adhesive and wrapped in film
before being stored in cold storage at — 6 °C for further processing.

The HIMW treatment was carried out using a tunnel microwave treatment
device (WX20L, Nanjing Sanle Microwave Technology Development Co., Ltd.,
China). The details of the device have been described by Wang et al. (2022).
The effect of the microwave treatment on wood is influenced by several factors,
including processing time, microwave power level, and feeding speed. In this
study, three energy densities (60, 80, and 100 kWh/m?) were adopted to treat the
radiata pine sapwood and heartwood. Table 2 lists the HIMW treatment param-
eters for the three groups.
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Table 2 HIMW treatment

) Power (kW) Feeding speed Processing Microwave energy
parameters (m/min) time (min) density (kWh/m?)
16 1.0 2 60
18 0.8 2.5 80
20 0.75 2.7 100

Gas permeability test

As shown in Fig. 2a, the untreated and HIMW-treated lumber was sawn into
three types of wood boards with a thickness of 25 mm. Cylindrical samples with
a diameter of 25 mm were drilled from these boards. The heights of the three
samples were parallel to the longitudinal, radial, and tangential directions of the
wood, corresponding to the gas permeability in the longitudinal, radial, and tan-
gential directions, respectively. The samples were placed in a chamber set at a
temperature of 20 °C and a relative humidity of 65%, ensuring the moisture con-
tent was adjusted to 12+ 1%. A gas permeability tester (CRIWI-GP-01, Unipac
Technology Co., Ltd., China) was employed to measure the gas permeability of
the untreated and treated samples in the three directions. During the test, the sam-
ple was securely placed within a circular holder surrounded by a rubber ring. A
ring pressure of 0.1 MPa was applied around the rubber ring to prevent gas from
escaping from the side of the sample. Subsequently, nitrogen gas was introduced
into the sample at a certain pressure from the inlet, with the outlet connected
to a soap film flowmeter. The volumetric flow rate of the gas was calculated by
measuring the start and end times of the soap film’s passage through a predefined
volume in the glass tube. The gas permeability D, of the wood was calculated
according to Eq. (1), and the test results of each group were the average value of
six samples.

HIMW TREATMENT
0

.
NTHR=-—

Sapwood Heartwood controller

Soapy water @

Timer

Control Gas permeability samples

Fig.2 Schematic diagram of sample preparation for HIMW treatment (a) and gas permeability test (b)
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2LP,0n
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where D, is gas permeability (Darcy, m’/m), L is the length of the sample parallel to
the direction of gas flow (m), P, is atmospheric pressure (P,=1x 10° Pa), Q is the
gas volume flow (m%/s), 7 is the viscosity of nitrogen (5=1.78x 107> Pa-s) (Tani-
kawa and Shimamoto 2009), A is the cross-sectional area (m2), and AP is the gas
pressure difference applied at both ends of the sample (Pa).

"H NMR relaxometry and cryoporometry

Cylindrical samples, measuring 8 mm in diameter and 20 mm in length along
the grain, were obtained near the same annual rings in the center of the untreated
and treated wood for 'H NMR testing. The sapwood samples contained two late-
wood segments and one intact earlywood segment, whereas the heartwood sam-
ples contained one intact latewood segment and two earlywood segments. Prior to
testing, the samples were immersed in deionized water and treated at 20 °C and a
vacuum pressure of 1 MPa for 24 h to ensure that the samples were saturated. The
water on the sample surface was wiped off, and the sample was placed in a Teflon
NMR sample tube with an outer diameter of 10 mm immediately after weigh-
ing. The '"H NMR test was conducted using a low-temperature NMR instrument
(NMRC12-010V, Niumag, Instruments, Suzhou, China) boasting a magnetic field
strength of 0.5 T and a main frequency of 12 MHz. The test employed the single-
scan Carr—Purcell-Meiboom-Gill (CPMG) pulse sequence, with the following
acquisition parameters: echo time 0.05 ps, echo number 15,000, and cumulative
number 64. In the relaxation test and low-temperature freeze—thaw test, the T,
relaxation test was initially conducted on the specimen at 20 °C, succeeded by
the freeze—thaw test encompassing 11 temperature levels. The cryoporometry test
commenced from the lowest temperature. The temperature in the sample cham-
ber was gradually raised to each specific required temperature after reaching the
minimum of —40 °C. Upon the sensor temperature aligning with the preset value,
it remained constant for 2 h, during which the 7, scan was performed. Follow-
ing the completion of all measurements, the analysis software provided with the
instrument was utilized to carry out T, inversion. For the determination of the
theoretical pore size distribution of wood cell walls, the Gibbs—Thomson ther-
modynamic equation was used. This was based on the low-temperature NMR
freeze—thaw method (Furé and Daicic 1999). It was assumed that the wood cells
and the pores on the cell walls took a cylindrical shape. With rising temperature,
the content of adsorbed water within wood cell walls progressively increased.
Consequently, there was an increase in the intensity of 'H relaxation signal, indi-
cating the gradual accumulation process of pore volume within the wood cell
wall structure, progressing from small to large. This correlation is illustrated in
Eq. (2), where the melting point of the liquid in the wood cells demonstrates a
positive relationship with the pore size.

@ Springer
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4yT, cos O

AT, =T, -T,D) = DpAH, )

where T, is the melting temperature (7,,=273.15 K), T,, (D) is the freezing tem-
perature of a pore with the diameter D (K), D is the pore diameter (nm), y is the
water—ice interface free energy (y=12.1 mJ/m?) (Park et al. 2006), p is the density of
water (p=1.0x 10° kg/m®), H, is the specific heat of fusion of freezing bound water
(Hy=334 J/g) (Maloney et al. 1998), and @ is the contact angle (6= 180°). Further-
more, considering that the nonfreezing monolayer of water molecules gets adsorbed
at the ice—solid interface, an adjustment is required for the theoretical diameter (Cao
et al. 2021; Gao et al. 2015; Kekkonen et al. 2014; Telkki et al. 2013). The corrected
relationship between melting temperature and pore size is presented in Table 3.

Nitrogen adsorption-desorption (NAD) tests

The untreated and treated wood samples were ground into a fine powder with diam-
eters of 0.25-0.42 mm (40-60 mesh) and dried in an oven at 60 °C until completely
dry. A high-speed automated surface area and pore size analyzer (ASAP 2460,
Micromeritics, Inc., Norcross, GA, USA) was employed in the test. The powder
sample was degassed for 12 h at constant pressure in an environment with a temper-
ature of 40 °C and a vacuum of less than 7 x 107 Pa to remove gas and water mol-
ecules from the sample surface. The NAD test was performed on samples weighing
2-3 g at a temperature of 77.4 K using nitrogen as the adsorption medium. The rela-
tive pressure (p/p,) range of the test was 0.01-0.99 (where p is the system’s internal
gas vapor pressure, and p, is the saturated vapor pressure of liquid nitrogen at 77 K).
The BET molecular model was used to calculate the surface areas of the micropo-
res and mesopores (<50 nm), and the Barrett—-Joyner—Halenda (BJH) model was
used to evaluate the pore size distribution of the mesopores (Liang et al. 2020). Each
group’s result was determined by averaging the outcomes of two separate tests.

Table3 Melting temperature Melting temperature ~ Theoretically calculated Corrected pore

versus pore diameters in the T, (D) (C) pore diameter (nm) diameter (nm)

cryoporometry test
—40 0.99 1.59
-30 1.32 1.92
-25 1.58 2.18
-20 1.98 2.58
-15 2.64 3.24
- 10 3.96 4.56
-8 4.95 5.55
-5 7.92 8.52
-4 9.9 10.50
-3 13.2 13.80
-1 39.6 40.20
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Mercury intrusion porosimetry (MIP) test

The MIP samples were obtained from the same growth rings as the other untreated
and treated wood samples to ensure the equivalent wood structure. The size of the
MIP sample was 5 mm (L)X 15 mm (7)Xx 15 mm (R). The sapwood samples con-
tained three latewood segments and two earlywood segments (7th to 9th growth
ring) and the heartwood samples contained one latewood segment and two early-
wood segments (18th to 19th growth ring). The samples were dried at 60 °C until
they achieve complete dryness. A high-performance automated mercury porosim-
eter (AutoPore V9620, McMeritick Company, USA) was employed to test the pore
size distribution and porosity of the macroscopic pores (>50 nm). The samples were
immersed in mercury, and the pressure was increased from 0.5 psia to 35,000 psia.
With the gradual increase in pressure, mercury gradually penetrated the smaller
pores. The relationship between the pressure and the pore size distribution of the
wood was determined using the Washburn equation (Eq. 3) (Muller and Scrivener
2017). Two samples from the same group were tested simultaneously, and their
average value was taken as result for the group.

4yp cos6

p

d= 3)
where d is the pore diameter (nm), € is the contact angle of mercury (6=141°), yy,
is the surface tension of mercury (yy,=0.48 N/m) (Junghans et al. 2005), and p is
the measured pressure.

Scanning electron microscopy (SEM)

The untreated and treated sapwood and heartwood samples were trimmed with a
microtome (HistoCore MULTICUT, Leica, Wetzlar, Germany) to obtain the opti-
mal sample surface. The dried samples were mounted on a specific disk with a con-
ductive carbon adhesive tab and coated with gold for 60 s using a vacuum sputter-
coater (EM ACEG600, Leica, Germany) to improve the quality of the SEM images.
The transverse, radial, and tangential sections of the samples were analyzed by SEM
(Regulus SU8230, Hitachi, Japan).

Results and discussion

Results of gas permeability test

The longitudinal, radial, and tangential gas permeabilities of radiata pine sapwood
and heartwood before and after HIMW treatment are shown in Fig. 3. The gas per-
meabilities of untreated sapwood in the longitudinal, radial, and tangential directions

were determined as 8.90x 107'* m*m, 5.93x 10" m3/m, and 4.28 x107'* m3/m,
whereas those of the untreated heartwood were 3.21 x 104 m*/m, 1.85x 104 m%/m,
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Fig.3 Gas permeabilities of untreated and HIMW-treated samples. Sapwood (a); Heartwood (b). * L, R,
T represent the test samples in longitudinal, radial, and tangential directions, respectively. *Different let-
ters represent significant differences between samples (p < 0.05)

and 1.08x 107"* m*/m, respectively. The gas permeability of sapwood was higher
than that of heartwood, which was consistent with previous research on the gas
permeability of softwood (Jang et al. 2020). Due to the anatomical structure, the
longitudinal gas permeability of radiata pine wood is the highest, and the gas per-
meability is slightly higher in the radial direction than in the tangential direction.
Clearly, the HIMW treatment significantly increased the gas permeability of wood
in the three directions (p <0.05). The gas permeability of the radiata pine sapwood
and heartwood increased with an increase in microwave energy density. At a micro-
wave energy density of 100 kWh/m?, the gas permeabilities of the sapwood in the
three directions were 2.35x 107> m*/m, 2.08 x 10"* m*/m, and 1.29x 10™"* m*/m,
respectively. These values were 164.04%, 250.76%, and 201.40% higher than those
of the untreated wood. Under these three conditions, the HIMW treatment did not
result in any visible damages to radiata pine sapwood. Thus, the increase in the gas
permeability of the sapwood can be attributed to the induced damages to the cell
wall microstructure. The improvement in gas permeability following HIMW treat-
ment was more significantly pronounced in the case of heartwood compared to sap-
wood. The gas permeabilities of the heartwood in the three directions at the energy
density of 100 kWh/m> were measured as 2.49x 10713 m3/m, 1.42x 10713 m*/m and
0.77 % 107"* m®/m, respectively. These figures represented remarkable improvements
of 675.70%, 667.57%, and 612.96%, respectively, compared to the untreated sam-
ples. Specifically, visible cracks were observed on the surfaces of heartwood sam-
ples treated at both energy densities of 80 kWh/m? and 100 kWh/m?>. Under these
two energy levels, the HIMW treatment led to notable structural damages in wood,
which consequently increased the internal channels in the samples and significantly
enhanced the gas permeabilities.

Changes in wood morphology

The morphological changes of radiata pine sapwood and heartwood before and
after HIMW treatment are shown in Figs. 4 and 5, respectively. Among the wood
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Fig.4 SEM images of untreated and HIMW-treated sapwood samples. Transverse sections of untreated
sapwood sample at 130X, 400X, and 600X magnifications, respectively (a—c); radial section of
untreated sapwood sample at 600 x magnification (d); transverse and radial sections of 60 kWh/m?
treated sample at 130xand 350 x magnifications, respectively (e—f); transverse sections of 80 kWh/m?
treated sample at 130x, 400x, and 600X magnifications, respectively (g-i); transverse sections of
100 kWh/m® treated sample at 130xand 400X magnifications (j-k); radial section of 100 kWh/m?
treated sample at 1200 X magnification (1). The dotted line shows the fracture along the radial direction
caused by HIMW treatment; the image in the dashed box shows the partial enlarged view; the arrow indi-
cates the split of cell wall layers caused by HIMW treatment. Pit chambers @; cross-field pits @; bordered
pits @; axial resin canals @

microstructures possessing weak mechanical strength, ray parenchyma cells were
the first ones to be destroyed during the HIMW treatment, resulting in the forma-
tion of cracks that extended in the radial direction in the transverse section. When
the microwave energy density exceeded 80 kWh/m?, a pronounced rupture of wood
rays became evident, as illustrated in Fig. 5g—h, and this phenomenon was par-
ticularly obvious in the treated heartwood samples. Under the effect of the internal
vapor pressure in the treated wood, the cell wall layers adjacent to wood rays were
pulled apart. As shown in Figs. 4 and 5, the cell wall layers of the compound middle
lamella (CML) between the tracheids were destroyed, and splits were observed in
the outer layer of the secondary wall (S1) and the middle layer of the secondary wall
(S2), denoted by the arrows. In addition, the bordered pit membranes and pit bor-
ders in the radial tracheid walls were broken in the treated sapwood and heartwood
samples (Fig. 4 f), and the cross-field pits of the ray parenchyma cells and tracheids
were cracked (Figs. 41 and 5j—k). Notably, a similar failure mode was also reported
by Weng et al. (2020), who performed an HIMW treatment of Chinese fir. When the
microwave energy density was further increased to 100 kWh/m?, the tracheid walls
underwent further splitting, and these cracks extended in the microfibril direction of
the S2 layer (Figs. 41 and 51). The fractures of the wood ray parenchyma cells, pits
(bordered pits and cross-field pits), and tracheid walls, as induced by HIMW treat-
ment, significantly improved the transmission and permeability of gas or liquid in
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Fig.5 SEM images of untreated and HIMW-treated heartwood samples. Transverse sections of
untreated heartwood sample at 130X, 400X, and 600 X magnifications, respectively (a—c); radial sec-
tion of untreated sample at 600 x magnification (d); transverse sections of 60 kWh/m? treated sample
at 130 x and 600 x magnifications, respectively (e—f); transverse section of 80 kWh/m? treated sample at
130 x magnification (g); transverse sections of 100 kWh/m?® treated sample at 130 x and 600 X magnifi-
cations (h—i); radial sections of 100 kWh/m® treated sample at 1500 x and 1200 X magnifications (j-k);
tangential section of 100 kWh/m? treated sample at 1100 x magnification (). The dotted line shows the
fracture along the radial direction caused by HIMW treatment; the image in the dashed box shows the
partial enlarged view; the arrow indicates the split of cell wall layers caused by HIMW treatment. Pit
chambers @; bordered pits @; cross-field pits @

the transverse (radial and tangential) direction of the wood. This aspect is detailed in
Sect. "Results of gas permeability test".

Distributions of micropores and mesopores

In order to explore the effect of HIMW treatment on the micro-mesoporous distri-
bution in wood cell walls, NAD and '"H NMR analyses were used in this section.
The results of the NAD isotherms of HIMW treated and untreated radiata pine
sapwood and heartwood samples are displayed in Fig. 6. The configuration of
the adsorption—desorption isotherm indicates the pore shape and wood structure
concerning the micro-mesopores (Yang et al. 2023). A very narrow hysteresis
loop was observed between the adsorption and desorption isotherms. Accord-
ing to the JUPAC classification, the hysteresis loops of all the samples conform
to the H3 type (Yin et al. 2015), which is related to the capillary condensation
and evaporation in the mesopores. The results showed that both untreated and
treated samples predominantly contained slit-shaped pores (Sang et al. 2018).
At low relative pressure (p/p,<0.1), the adsorption isotherm exhibited a gradual
ascent, indicating the presence of micropores in all the samples. As the relative
pressure increased further (p/p,>0.9), the adsorption capacity increased rapidly
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Fig.6 N, adsorption—desorption isotherms of untreated and HIMW treated samples. Sapwood (a);
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and did not reach saturation, indicating that capillary condensation occurred
in larger mesopores and macropores (Wang et al. 2014). Therefore, it could be
concluded that micropores, mesopores, and macropores were prevalent in both
untreated and treated samples. The results also demonstrated that the morphology
of the micropores and mesopores remained relatively unaffected by the HIMW
treatment.

Table 5 lists the specific surface area, specific pore volume, and average pore
diameter. Notably, the BET surface area, total pore volume, and BJH average pore
diameter exhibited higher values in the untreated sapwood in comparison with
the untreated heartwood. The surface areas of the sapwood and heartwood were
0.9720 m?/g and 0.8996 m?*/g. The total pore volumes were 3.638x 10~ cm®/g
for sapwood and 3.393 x 10> cm?/g for heartwood, while the BJH average pore
diameters were 15.0238 nm for sapwood and 14.4327 nm for heartwood, respec-
tively. The difference in the pore characteristics between sapwood and heartwood
in the micro-mesopore range was consistent with the results of Yin et al. (2015),

Table 5 Micro-mesopore characteristics of untreated and treated samples measured by NAD

Sample BET Surface area Total intrusion volume (cm3/g) BJH Average
(m%/g) pore diameter
(nm)
SO 0.9720+£0.0141 0.003638 +0.000058 15.0238 +0.083
S60 0.9997 +£0.0674 0.003430+0.000078 15.4353+0.093
S80 0.9308 +£0.0156 0.003593 +0.000106 15.9961 +0.086
S100 1.0758 £0.0707 0.003066 +0.000021 17.5954+0.111
HO 0.8996 +£0.0949 0.003392 +0.000057 14.4327+0.176
H60 0.8861+0.0853 0.002492 +0.000053 15.5827+0.091
H80 0.9096 +0.0071 0.002617 £0.000121 17.2586+£0.131
H100 0.7654 +0.0166 0.002508 +0.000129 19.5632+0.134

*Data were expressed as averages +SD
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and this distinction was related to the different physiological functions of heart-
wood and sapwood (Bamber 1976).

After the HIMW treatment, variations were observed in the pore characteristics
between sapwood and heartwood samples. The BET surface area and BJH average
pore diameter of treated sapwood increased slightly, while the total pore volume
decreased slightly in response to the increase in the microwave energy density. Spe-
cifically, the BET surface area and BJH average pore diameter of the sapwood sam-
ples treated at an energy density of 100 kWh/m® were 10.68% and 17.12% higher,
while the total pore volume was 15.72% lower than that of the untreated sapwood.
The alteration can likely be attributed to the deformation and destruction of sap-
wood cell walls induced by HIMW treatment, consequently leading to the formation
of new micropores (Bao et al. 2017). These micropores are depicted in Fig. 4.

As the microwave energy density increased, the pore characteristics of the heart-
wood did not exhibit a monotonic trend. However, the BET surface area and total
pore volume of treated heartwood samples decreased, whereas the BJH average pore
diameter increased significantly. Heartwood samples treated at 100 kWh/m?® had
a BET surface area of 0.7654 m%/g and a total pore volume of 2.508 x 10~ cm’/g,
respectively, which were 14.92% and 26.06% lower than the untreated heartwood.
The BJH average pore diameter was 19.5632 nm, marking an increase of 35.55%
compared with the untreated heartwood. The main reason was that the HIMW treat-
ment destroyed the micropores and mesopores in the cell walls of the heartwood (He
et al. 2014; Terziev et al. 2020; Weng et al. 2020), resulting in a significant increase
in pore size.

These results showed that the effect of the HIMW treatment on the pore size
characteristics of the micropores and mesopores was more significant in the heart-
wood samples than in the sapwood samples. This difference can be attributed to the
fact that the HIMW treatment induced a higher vapor pressure within heartwood
due to its lower permeability, which led to more substantial cell wall damages in
heartwood. Consequently, the gas permeability of heartwood samples displayed a
significant enhancement following the HIMW treatment.

Figure 7 displays the relationship between the log-differential pore volume and
pore size distribution of radiata pine sapwood and heartwood before and after the
HIMW treatment obtained from NAD. The micro-mesopore distribution of the sap-
wood and heartwood was significantly different, consistent with the research results
of Yin et al. (2015). The curves of the sapwood in the mesopore region are relatively
smooth, whereas those of the heartwood are highly variable, with multiple peaks in
the range of 610 nm. In addition, the sapwood exhibited fewer micropores but more
mesopores in comparison with the heartwood, resulting in a higher BET surface
area, total pore volume, and BJH average pore diameter of the sapwood (Table 5).
As shown in Fig. 7a, the peaks in the 2-5 nm range of the sapwood sample shifted
slightly to the left after the HIMW treatment, indicating that the pore size of the
treated sample was slightly larger for a diameter of less than 5 nm. At an energy den-
sity of 100 kWh/m?, the pore diameter of the sapwood was substantially larger than
that of the untreated sample for a diameter below 15 nm. As shown in Fig. 7b, the
HIMW treatment had a significant effect on the micro-mesopore pore size distribu-
tion of the heartwood sample, especially in the range of 2—10 nm. The sample treated
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at the energy density of 60 kWh/m? exhibited a pronounced peak near 2.6 nm. When
the microwave energy density exceeded 80 kWh/m?, the heartwood sample had sig-
nificantly more mesopores within 10 nm. These results, along with those presented
in Figs. 4 and 5, underscored that the damages induced by HIMW treatment in the
micro-mesoporous pore structure of the radiata pine sapwood and heartwood were
concentrated at the pit borders and torus-margo membrane of the bordered pits, and
the damage type was slit-shaped pores with a pore size of less than 10 nm.

Figure 8 shows the proportion of different pore size ranges of the samples before
and after the HIMW treatment measured by low-temperature 'H NMR. Notably,
the micro-mesopore size distribution of the treated sapwood did not change sig-
nificantly when the microwave energy densities were 60 kWh/m® and 80 kWh/m®.
However, treatment at an energy density of 100 kWh/m® significantly altered the
pore size distribution of the micropores and mesopores, distinctly contrasting with
the untreated samples. Specifically, the proportion of pore diameters smaller than
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Fig.8 Micro-mesopore size distributions of untreated and HIMW-treated samples measured by 'H
NMR. Sapwood (a); Heartwood (b)
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1.59 nm decreased from 64.23% before the treatment to 62.56% after the treatment,
while the proportion of pore diameters in the range of 1.59-10.50 nm increased sig-
nificantly. The proportions of pores with diameters of 1.59-2.18 nm, 2.18-5.55 nm,
and 5.55-10.50 nm were 34.87%, 18.50%, and 45.5% higher, respectively, after the
HIMW treatment. This result indicated that the HIMW treatment damaged the weak
phase structure, such as the pit membrane of the bordered pits in the cell walls of
radiata pine sapwood (Fig. 4). However, the proportion of micropores in the treated
heartwood was positively correlated with the microwave energy density. With
the microwave energy density reaching 100 kWh/m?, the proportion of micropo-
res increased from 67.91% (untreated heartwood sample) to 73.51%, reflecting an
increase of 8.25%. This shift which might be related to the increased inter-micro-
fibril spaces, was attributed to the HIMW treatment. Furthermore, as depicted in
Fig. 8b, the HIMW treatment had a more significant effect on the mesopore size dis-
tribution in the heartwood than in the sapwood samples, consistent with the results
of the nitrogen adsorption test. The proportion of mesopores with a diameter of less
than 10.50 nm in the heartwood after the treatment at 60 kWh/m® energy density
was 18.36%, which was 12.78% higher than that of the untreated sample. The pro-
portion of pores with a diameter ranging from 2.18 to 5.55 nm witnessed a con-
siderable increase of 19.51%, indicating the most substantial expansion within the
smaller mesopores range. However, as the microwave energy density increased fur-
ther, the proportion of mesopores below a diameter of 10.50 nm showed a decline to
16.55% (the 100 kWh/m? treated sample), nearly approaching the proportion found
in the untreated samples. The possible reason was the rapid evaporation of moisture
from the wood under the electromagnetic field of higher microwave energy density,
which generated higher temperatures and vapor pressure in the low-permeability
heartwood (Ouertani et al. 2015). Consequently, the degradation of the chemical
compositions within cell walls occurred, accompanied by a reduction in mechanical
strength, which in turn caused extensive macroscopic damages to the heartwood cell
walls (Guo et al. 2015; Zhang et al. 2016).

Certain mesoscopic pores tend to close during wood drying due to capillary
tension (Fengel 1970), changing the pore size distribution on the wood cell walls
(Grigsby et al. 2013; Li and Zhao 2020). As a result, there are slight differences
between the NAD and '"H NMR results. Nonetheless, the NAD and '"H NMR results
were consistent and adequately elucidated the impact of the HIMW treatment on the
micro-mesopore size distribution of radiata pine sapwood and heartwood.

Macropore structure

The MIP results of the total intrusion volume, pore diameter, and porosity of the
radiata pine sapwood and heartwood before and after the HIMW treatment are sum-
marized in Table 6. The values of the pore characteristics of radiata pine heartwood
were smaller than those of the sapwood, which was attributed to the structural dif-
ferences in their physiological functions (Bergstrom 2003). The pore characteristics
of the untreated and treated sapwood and heartwood differed substantially. HIMW
treatment significantly increased the total intrusion volume and porosity of the
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Table 6 Macropore characteristics of untreated and HIMW-treated samples measured by MIP

Sample Total intrusion  Total pore area Median pore diam- Average pore Porosity
volume (m%/g) eter (volume) diameter(4V/A) (%)
(mL/g) (nm) (nm)
SO 1.376 1.877 9451.36 2932.68 61.40
S60 1.384 0.701 8674.09 7897.22 62.39
S80 1.636 0.851 8849.84 7689.58 66.31
S100 1.659 0.737 10,593.09 9011.26 68.56
HO 1.245 1.039 1340.55 374.70 57.11
H60 1.606 2.837 2629.48 343.33 62.69
H80 1.557 7.645 2446.79 814.68 68.10
H100 1.634 13.397 2313.36 487.78 68.98

*The values are given as averages over two samples in one test

wood. The total intrusion volume of the sapwood increased from 1.376 (untreated)
to 1.659 mL/g (treated at the energy density of 100 kWh/m?), representing a 20.57%
increase, and the porosity increased from 61.40 to 68.56%, an increase of 11.66%.
Interestingly, the HIMW treatment exhibited a more pronounced effect on the pore
characteristics of the heartwood than on the sapwood. As the microwave energy den-
sity increased to 100 kWh/m?, the total intrusion volume of the heartwood increased
from 1.245 to 1.634 mL/g, an increase of 31.24%, and the porosity increased from
57.11 to 68.98%, an increase of 20.78%. The significant increases in porosity
observed in both sapwood and heartwood can be attributed to the rapid heating of
water in wood under the influence of the microwave energy field. This heat leads to
the evaporation of water into abundant vapor. The permeability of heartwood was
relatively low, thus causing a buildup of high vapor pressure inside the heartwood
cells. When the vapor pressure was higher than the strength of the weakest wood
structure, various degrees of damage occurred, resulting in a significant increase
in wood porosity (Fan et al. 2022; Weng et al. 2020). In addition, the permeability
of the wood is primarily influenced by the macropore structure (Tan et al. 2020),
which, in turn, accounts for the marked rise in the number of macropores in the
HIMW-treated wood. This underlying reason aligns with the observed higher gas
permeability in the treated wood, as previously discussed in Sect. "Results of gas
permeability test".

Table 6 lists the median pore diameter and average pore diameter of both radiata
pine sapwood and heartwood before and after the HIMW treatment. The results
demonstrate that different microwave energy densities had complex effects on the
wood pore structure. The diameter of median pores in the treated sapwood samples
exhibited a reduction when compared to the untreated wood, for both energy den-
sities of 60 kWh/m? and 80 kWh/m>. However, the average pore diameters dem-
onstrated a substantial increase of 169.28% and 162.20% for the respective energy
densities. In addition, the HIMW treatment led to an increase in both median pore
diameter and the average pore diameter of the treated heartwood. Figure 9 illustrates
these changes in the pore structure of wood in detail caused by HIMW treatment.
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Figure 9a shows that the pore size of the untreated sapwood ranged from 1000 to
38,000 nm, with two peaks at 6100 nm and 24,800 nm, corresponding to the bor-
dered pits and tracheids in the wood microstructure (Kvist et al. 2020). The peak at
6100 nm shifted to the right to 7400 nm after the HIMW treatment. As the micro-
wave energy density increased, the peak width increased in the 5000-12,500 nm
range, indicating that the HIMW treatment had damaged the bordered pits and
CML in the early wood tracheids (Fig. 4 £, 1). In addition, it should be noted that the
energy density of 100 kWh/m® caused macroscopic damage to the internal structure
of the sapwood, and the pore size distribution ranged from 120,000 to 220,000 nm.
This result could be attributed to the destruction of the intercellular layer situated
between the axial tracheids and the ray parenchyma cells, as observed from the
effects of the HIMW treatment depicted in Fig. 44, j.

As shown in Fig. 9b, the pore size of the untreated radiata pine heartwood was in
the range of 100-20,000 nm, with three peaks at 180 nm, 1500 nm, and 6000 nm,
corresponding to pores in the pit membranes of the bordered pits, pit apertures,
and tracheid structures, respectively (Kvist et al. 2020). The pore size underwent
complex changes during the HIMW treatment, and the pore size distribution curve
exhibited irregular changes. Specifically, the pore size curve of the wood treated
with an energy density of 60 kWh/m? was M-shaped, and the peak near 180—200 nm
was significantly higher, indicating that the HIMW treatment damaged the borders
of bordered pits in the longitudinal tracheids. Following the treatment, a reduc-
tion was observed in the number of pores within the 680 nm to 6000 nm diameter
range, while there was a significant increase in the number of pores with a diameter
exceeding 6200 nm. This alteration was attributed to the separation of CML and the
destruction of ray parenchyma cells, as visible in Fig. 5e, f. In the case of the sam-
ple treated with an energy density of 80 kWh/m?, the pore size curve exhibited an
A-shaped profile, with pore sizes concentrating within the 1400-5000 nm range. The
results indicated that the pit apertures of the bordered pits, cell wall layers (CML,
S1/S2 layer) of the heartwood longitudinal tracheids, and ray parenchyma cells were
adversely affected by the HIMW treatment at an energy density of 80 kWh/m?, as

(a)4.0 (b)1s

——S0 —o—H0

g
n

—=—H60

»
=
T

»
n

»
>
T

:“
05F
" A d A

0.0 0.0 = e
50 100 1000 10000 100000 50 100 1000 10000 100000

05 F

Log differential intrusion (mL/g)
Log differential intrusion (mL/g)

Pore size diameter (nm) Pore size diameter (nm)

Fig. 9 Log-differential pore size distributions of untreated and HIMW-treated samples measured by MIP.
Sapwood (a); Heartwood (b)

@ Springer



Wood Science and Technology (2023) 57:1345-1367 1363

illustrated in Fig. 5g. In addition, the microstructure of the radiata pine heartwood
was substantially damaged by the treatment with an energy density of 100 kWh/m?
(shown in Fig. 5). The porosity of the treated sample was significantly higher than
that of the untreated sample, and most of the damaged pores were concentrated
within the macropore ranges of 6000-25,000 nm and 85,000-240,000 nm. These
changes in pore size distribution corresponded to the separation of the tracheid
wall layers, the disruption of cross-field pits, and the radial cracks that were visibly
evident due to the damages inflicted upon the ray parenchyma cells, as depicted in
Fig. 5h, i. These findings underscored the relationship between the extent of cell
structure damage within the heartwood and the increasing microwave energy den-
sity, which is associated with the generation of heat through the moisture present in
the wood.

Conclusion

This study investigated the effects of HIMW treatment at various energy densities
(0, 60, 80, and 100 kWh/m?) on the gas permeability and the pore size distribution
of radiata pine sapwood and hardwood. Through a comprehensive approach involv-
ing SEM, NAD, '"H NMR, and MIP techniques, the alterations in the multi-scale
pore size distribution after the HIMW treatment were analyzed. The water in the
wood cell walls and cell lumen was rapidly vaporized during the treatment. As the
vapor pressure increased, the weaker structures were damaged, uniformly improv-
ing the wood permeability quickly and efficiently. As the microwave energy density
increased, the gas permeability of the wood in the longitudinal, radial, and tangential
directions increased significantly. That of the sapwood increased about twofold, and
that of the heartwood increased more than sixfold. The combined outcomes of the
NAD and '"H NMR analyses within the micro-mesopore diameter range illustrated a
noteworthy increase in the BJH average pore diameter for both sapwood and heart-
wood samples, alongside a reduction in the total pore volume. However, the BET
surface area of the sapwood sample increased slightly, whereas that of the heart-
wood samples decreased. The pore size was significantly larger after the HIMW
treatment, and the dominant pores were slit-shaped mesopores with a diameter of
less than 10 nm. The MIP results for the macropore range showed that the HIMW
treatment had a more pronounced effect on the heartwood than the sapwood. The
total intrusion volume and porosity of the treated heartwood were higher than that
of the treated sapwood. The macropore diameters in the treated sapwood were in the
range of 5000-12,500 nm, and those of the treated heartwood were 6000-25,000 nm
and 85,000-240,000 nm. These results were validated by SEM observations. The
HIMW treatment led to the destruction of weaker structures, such as pits, cell well
layers, and ray parenchyma cells. In summary, the HIMW treatment had a significant
effect on the multi-scale pore size distribution of radiata pine sapwood and heart-
wood, with a more pronounced impact observed in the heartwood. The treatment
significantly enhanced the gas permeability of wood due to its effect on the porosity.
The results improve our understanding of the effect and mechanism of the HIMW
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treatment on the wood structure and provide a theoretical foundation for advancing
the HIMW treatment’s potential for high-value utilization of wood materials.
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