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value. Therefore, radiata pine has become an effective sub-
stitute for various woods that can be used in construction, 
furniture, and papermaking (Benedetti et al. 2019; Dong 
et al. 2020; Srinivasan et al. 2007). However, radiata pine 
must be impregnated to improve its durability prior to its 
use as a building material or outdoor product (Aguayo et 
al. 2021; Andeme Ela et al. 2021; Torgovnikov and Vinden 
2010). Moreover, the entry of preservatives in the interior of 
wood is critical (Nguyen et al. 2013). However, obtaining a 
satisfactory impregnation effect for radiata pine with a high 
resin content (RC) is difficult, as the resin may clog resin 
canals, ray cells, and pits (Matsumura et al. 1998, 1999). 
Therefore, improving the permeability of resinous wood can 
effectively enhance the impregnation of preservatives and 
yield high-quality wood products.

1 Introduction

Radiata pine (Pinus radiata D. Don) is a highly domesticated 
pine owing to its characteristics such as: easy reproduction, 
rapid growth, controllable pests and diseases, acceptable 
wood quality, and economic benefits (Wu 2019). In coun-
tries such as New Zealand, Australia, and Chile, large-scale 
plantations can meet domestic needs and gain commercial 
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Abstract
Resin canals and ray cells in pine wood connect the interior to the exterior. The blockage of resin canals and ray cells 
by the resin, directly determines the water uptake of the wood. However, research on water uptake by resinous wood is 
lacking. Hence, this study aimed to explain how microwave (MW) or superheated steam (SS) treatment improves wood 
water uptake from the perspective of resin content (RC). Therefore, radiata pine sapwood and heartwood were treated 
with MW, SS, or microwave-superheated steam (MS) for different times. The results showed that MW and SS treatments 
expelled the internal resin of radiata pine. Owing to the low RC and high moisture content (MC) of sapwood, the effect 
of the MW treatment on the RC of radiata sapwood was insignificant. Heartwood has a markedly higher RC and lower 
MC than sapwood; therefore, MW treatment can drive part of the resin to migrate out of the wood. With increasing SS 
treatment time, the RC of the sapwood and heartwood decreased to varying degrees; however, the core layer resin could 
not be completely removed. In addition, MW treatment can accelerate the degreasing process as it discharges some part 
of the resin and opens some parts of the resin canals. Moreover, MS treatment can increase the porosity of sapwood and 
heartwood due to the expulsion of resin. MS treatment had no significant effect on sapwood water uptake; however, it 
increased that of heartwood by more than three times. The dye solution enters the wood through the open resin canals 
or ray cells and communicates with the axial resin canals. Therefore, the water uptake of heartwood is mainly related to 
the resin content and the blockage of the resin canals by the resin determines the entry of the dye solution to the interior 
of the wood.
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Permeability is the ability of a fluid to enter or pass 
through a material (Mahdian et al. 2020). Although wood is 
porous, the permeabilities of different tree species vary con-
siderably because of their complex structures. Heartwood 
and sapwood permeabilities differ even though they belong 
to the same tree species; this is influenced by the resin or 
sediment (Bailey and Preston 1969; Belt et al. 2017). In par-
ticular, liquid permeability is affected by liquid viscosity, 
molecular size, and liquid-wood interactions. Wood is also 
used as a porous material for wastewater treatment and sea-
water desalination (Chen et al. 2017; He et al. 2019; Jiang 
et al. 2018). Therefore, dyes, modifiers, and preservatives 
cannot easily enter the wood interior because of the filter-
ing effect of porous materials. The opening of large pores in 
wood, such as ray cells and resin canals, determines whether 
dyes, modifiers, or preservatives can quickly enter the wood 
interior.

Many studies have been conducted on wood permeabil-
ity, including measurements of the longitudinal and radial 
permeability of wood and the reasons for the differences in 
permeability (Ai et al. 2017; Ananías et al. 2022; Mahdian 
et al. 2020; Pokki et al. 2010a, b; Tan et al. 2020). Research 
on improving wood permeability mainly includes steam 
explosion, microwave (MW) treatment, ultrasonic treat-
ment, heat treatment, bioincising, and cooking (Eliseev et 
al. 2022; Fang et al. 2023; Jang and Kang 2019, 2023; Kang 
et al. 2021; Pokki et al. 2010a, b; Qian et al. 2022). Among 
them, many have reported that MW treatment improves 
wood permeability (Eliseev et al. 2022; Torgovnikov and 
Vinden 2010; Weng et al. 2020; Zhang et al. 2021); this 
involved different equipment, power, and tree species. 
Overall, the MW radiation caused polar molecules, particu-
larly water molecules, inside the wood to vibrate, instanta-
neously generating excessive amounts of heat (Singh et al. 
2016), thereby generating steam pressure inside the wood 
and causing steam to escape, breaking through pits, paren-
chyma, and resin canals. In addition, it can cause rupture of 
the wood structure and some macro- and microcracks may 
form (Ganguly et al. 2021). High-intensity MW can make 
wood several times more permeable, providing favourable 
conditions for wood drying and functional utilisation (Tor-
govnikov and Vinden 2010). In addition, drying methods 
affect wood permeability (Taghiyari et al. 2014). Among 
them, superheated steam (SS) drying improves wood per-
meability because temperatures > 100 °C cause steam pres-
sure to develop inside the wood (Pakowski et al. 2009), 
which may open aspirated pits or destroy pit membranes.

The effects of MW and SS on wood permeability have 
been extensively studied. However, few studies have com-
bined these two technologies, and they are not specific to 
resinous wood. In addition, previous MW treatment studies 
improved wood permeability by creating gaps (Vinden et al. 

2011; Zhang et al. 2021), which may greatly reduce wood 
strength and limit its application in certain fields. Some stud-
ies have also shown that mild MW treatment can destroy 
the pit membrane structure but cannot significantly increase 
the permeability or water diffusion coefficient (Beikircher 
et al. 2012; Li et al. 2005). This indicates that the improve-
ment in wood permeability depends on pore size. Therefore, 
research is scarce on improving the permeability of wood 
without macroscopic cracks. Considering that the ray cells 
or resin canals in pine are channels that connect the inte-
rior and exterior of the wood (Arbellay et al. 2014; Bannan 
1936), it is easier for the liquid to soak into the wood from 
these tissues. Therefore, blocking the ray cells and the trans-
verse resin canal has an important impact on the transverse 
permeability of wood. However, most studies have focused 
on destroying pits and parenchymal cells rather than block-
ing resin canals or ray cells. For resinous wood, opening 
the resin canals may increase the permeability of the wood 
rather than destroying its original structure. The temperature 
of SS treatment exceeds 100 °C, which can promote resin 
migration and open blocked resin canals. However, there is 
a lack of research on using SS to improve the permeability 
of resinous wood.

Therefore, this study investigated the effect of resin 
removal on radial water uptake by radiata pine sapwood 
and heartwood. Hence, radiata pine wood was treated with 
MW, SS, and microwave-superheated steam (MS), and the 
blockage of the resin canals, RC, porosity, and water uptake 
were analysed to reveal the reasons for the increase in water 
uptake. Moreover, the potential of MS treatment of conifer-
ous wood has been demonstrated.

2 Materials and methods

2.1 Materials and sample preparation

Radiata pine with a diameter of 500 mm was obtained from 
New Zealand. After felling without any treatment, it was 
transported to Shandong, China, and shipped to the labora-
tory. Before the experiment, the logs were sawn into lumber 
samples with dimensions of 2500 mm × 50 mm × 20 mm 
(L × T × R), and all samples were obtained from the same 
log. The samples were divided into heartwood and sapwood 
groups, with three samples selected for each group. These 
samples did not contain a pith, heart-sapwood junction zone, 
or near bark. The 20 mm thick planks were selected because 
they are commonly used for outdoor fences or floors and 
are easy to impregnate under laboratory conditions. The 
planks were divided into four sections, and a 10 mm thick 
test piece was used to test the moisture content (MC) and 
RC (Fig. 1). The samples labelled ‘A’ were regarded as the 
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control materials and equilibrated in a constant tempera-
ture and humidity chamber at 20 °C/65% relative humidity 
(RH). Samples labelled ‘B’, ‘C’, and ‘D’ were subjected to 
MW, SS, and MS treatments, and three replicates were set 
up for each group of samples.

The MC test piece was dried at 103 ± 2 °C to determine 
the initial MC of the wood. The MC was calculated using 
Eq. 1:

MC = (M0 −M1) /M1 × 100%  (1)

where M0 and M1 represent the initial and oven-dried wood 
weights, respectively.

The samples were weighed before and after MW, SS, and 
MS treatments to determine their final MC. After the MW, 
SS, and MS treatments, the samples were equilibrated in a 
constant temperature and humidity chamber at 20 °C/65% 
RH for subsequent detection.

2.2 Microwave treatment

MW equipment (WX20L-19, Sanle, Nanjing, China) with 
a feed unit was used for wood treatment. The equipment 
was rated at 20 kW and operated at 0.915 GHz, with the 
feed rate determining the processing time. According to 
previous experimental results, the energy density of MW 
is determined by the power and processing time. When the 
energy density is the same, a higher power and shorter treat-
ment time are beneficial for improving the permeability of 
wood; however, the generation of defects must be avoided. 
Therefore, the maximum power allowed by the equipment 
(18 kW) was selected, and three processing times were used 
in this study. The specific process is shown in Table 1.

2.3 Superheated steam treatment

The SS treatment test was performed using self-designed 
high-temperature drying test equipment. The equipment 
was equipped with air circulation and oxygen concentra-
tion control systems. The oxygen concentration could be 
regulated by the water vapour concentration. A low-oxygen 
environment provided by a high concentration of water 
vapour can reduce the oxidation reaction of wood. The test 
was conducted at atmospheric pressure and performed in 
accordance with Table 2, and a 1 h preheating process at 
90 °C was conducted before formal processing. In addi-
tion, according to the MW experimental results, the MW-
60s samples were used for subsequent SS treatment since 
some MW-80s samples were deformed, which may be due 
to the long treatment time, and the MW-40s sample may not 
have achieved the best treatment effect. The SS treatment 
temperature was determined based on the SS drying process 
and the melting point of rosin. As the melting point of rosin 
is 110 to 135 °C, a drying process at 110 °C was performed 
in this study.

2.4 Morphological characteristics

Specimens with dimensions of 5 mm × 5 mm × 5 mm (L 
× T × R) were obtained from the control, MW, SS, and MS 
treated samples. Flat cross sections and tangential sections 
were obtained using a microtome. The MW, SS, and MS 
treatment samples included surface and core layer samples, 
which were procured 10 mm away from the surface. The 
resin canal and morphology were observed using a simple 
extended depth-of-field 3D microscope (VHX-6000, KEY-
ENCE, Osaka, Japan).

Table 1 MW treatment process design
Group Power (kW) Processing time(s) Energy 

density 
(kWh/m3)

MW-40s 18 40 100
MW-60s 18 60 150
MW-80s 18 80 200

Table 2 Superheated steam process design
Group Temperature (°C) Oxygen concentration (%) Time (h)
SS-3 h 110 2 3
SS-6 h 110 2 6
SS-9 h 110 2 9
MS-3 h 110 2 3
MS-6 h 110 2 6
MS-9 h 110 2 9

Fig. 1 Diagram of Wood segmentation
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tangential section was investigated. This is because liquid 
absorption mainly occurs in the axial and tangential direc-
tions (Matsumura et al. 1998). This study aimed to explore 
the effect of transverse resin canal blockage on wood water 
uptake. Therefore, the specimens were sealed with epoxy 
resin, except for the two tangential sections. The samples 
were soaked in an aqueous solution of toluidine blue (0.1 
wt%) in a beaker and weight-loaded with stainless-steel 
blocks, and the bottom and upper parts were separated using 
stickers. The beaker was immersed in a vacuum chamber at 
20 kPa; the sapwood and heartwood were treated for 10 and 
20 min, respectively. The pressure was then slowly released 
and allowed to stand for 2 min. After impregnation, the 
dye solution on the wood surface was wiped off with an 
absorbent paper, the sample was weighed, the volume was 
measured, and the uptake was calculated. This study used 
vacuum impregnation as it is easier to perform in a labora-
tory. A shorter treatment time is required to better observe 
the penetration path of the dye solution and avoid diffusion 
of the dye solution into the tracheids by long-term impreg-
nation. In addition, it is necessary to obtain an easier path 
for the liquids to enter.

The impregnated samples were cut and photographed to 
observe the dye penetration. Tangential and cross sections 
of the MS-9 h samples were also prepared, and the flow 
paths of the dye solution were observed under an extended 
depth-of-field 3D microscope.

2.8 Data analysis

Microsoft Excel (Microsoft, WA, USA) was used for the 
t-test; when p < 0.05, a significant difference was observed 
between the two sets of data; and a, b, c, and d were used to 
indicate whether each set of data was significantly different 
from the previous set.

3 Results and discussion

3.1 Wood moisture content changes

The green MC of radiata pine sapwood and heartwood 
differs considerably; the green MC range of sapwood is 
80–100%, and that of heartwood is approximately 30%. The 
MC of the radiata pine wood before and after MW, SS, and 
MS treatment are shown in Fig. 2. MW can reduce the MC 
of wood; under the same power, the longer the treatment 
time, the lower the MC. In the experiment, 18 kW treat-
ment for 80 s easily deformed the wood; therefore, the sub-
sequent process of 18 kW treatment for 60 s was adopted. 
Under SS conditions, the MC of wood decreased rapidly, 
and those of heartwood and sapwood decreased to different 

2.5 Resin extraction

Three pieces of 15 mm long samples were cut from each 
sample for resin extraction. Samples treated with MW, SS, 
and MS were first prepared to remove the surface resin. 
The samples were first divided into thin slices with a thick-
ness of 1–2 mm and dried in a vacuum drying oven (40 °C, 
5 kPa) with a built-in desiccant to a constant weight as the 
oven dry weight. The wood chips from each sample were 
weighed to the nearest 0.001 g. The resin was extracted by 
ethanol soaking according to the method of Matsumura et 
al. (1999); however, the temperature was set to 60 °C to 
accelerate the extraction. Wood chips were added to a 100 
mL beaker, 70 mL of absolute ethanol was added, and the 
mixture was sealed with a plastic film. A constant tempera-
ture water bath was set at 60 °C as the extraction condition 
for this experiment; the time lasted for 48 h, during which 
the ethanol solvent was replaced once. After the experi-
ment, the samples were washed in ethanol solvent at 60 °C 
to remove residual resin. After volatilising the residual alco-
hol at room temperature, the sample was vacuum-dried and 
weighed. The RC is the mass difference after extraction with 
ethanol divided by the initial mass of the sample. The RC 
was calculated using Eq. 2:

RC = (R0 − R1) /R0 × 100% (2)

where R0 is the weight of the sample before extraction, and 
R1 is the weight after extraction.

2.6 Porosity and pore size distribution analysis

For porosity testing, specimens, 6 mm × 10 mm × 10 mm (L 
× T × R), were taken from the control and MS-9 h-treated 
samples, including earlywood and latewood. Before the 
experiment, the specimens were vacuum-dried (40 °C, 
5 kPa) to remove moisture. Porosity tests were performed 
using an automatic mercury porosimeter (AutoPore IV 
9510, Micromeritics, GA, USA). The specimen was placed 
in a penetrometer, and pressure was applied to force mer-
cury into the specimen. The maximum intrusion pressure 
was 227 MPa, the surface tension and contact angle were 
determined according to Weng et al. (2020), and the pore 
size distribution was determined using the Washburn equa-
tion (Washburn 1921).

2.7 Impregnation

The control, MW, SS, and MS samples, three samples each 
group, were prepared and cut into 50 mm long samples for 
vacuum impregnation to test the water uptake of the sam-
ples. In this study, only the change in water uptake of the 
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wood surface, and there was no significant change in the 
resin canals; however, resin shrinkage was visible (Fig. 3b), 
which may have been caused by the loss of volatile com-
ponents in resin, as high temperatures can volatilize the 
turpentine in the resin (Hawley and Palmer 1912; Potter 
and Schuerch 1975). Similar results were observed for the 
SS-9 h and MS-9 h samples, in which resin shrinkage and 
ray parenchyma cells were dissected (Fig. 3c, d). In addi-
tion, the resin in the uniseriate ray cells of the sapwood is 
almost invisible.

Figure 4 shows microscopic images of the tangential 
surfaces of the control, MW-60s, and SS-3 h heartwood 
samples. After the MW or SS treatment, part of the wood 
surface was covered with resin (Fig. 4b, c). This shows that 
heartwood contains a large amount of resin, and after MW 
or SS treatment, the resin inside the wood seeps out to the 
wood surface. This indicates that MW and SS are effective 
resin removal methods.

Figure 5 shows a microscopic image of the transverse 
resin canals and uniseriate ray cells in the tangential section 
of the heartwood control, MW-60s, and MS-9 h samples. The 
SS-treated samples were similar to the MS-treated samples 

extents with prolonged treatment time. The mean MC of the 
sapwood decreased by 33.6%, 59.1%, and 74.9% after 3 h, 
6 h, and 9 h, respectively, whereas that of the heartwood 
decreased by 13.2%, 18.8%, and 22.2%, respectively. As 
shown in Fig. 2c, MW can accelerate the drying process of 
SS, and the MC of the MS samples was lower than that of 
the SS samples for the same treatment time as MW treat-
ment reduces the MC of the wood and the MW treatment 
can open the pathway from the interior to the exterior of the 
wood, accelerating its drying process (Weng et al. 2021).

3.2 Morphological observation of resin in resin 
canal

Figure 3 shows microscopic images of the tangential sec-
tions of the sapwood control, MW-60s, SS-9 h, and MS-9 h 
samples. The micromorphologies of the resin canals in the 
core and surface layers of the sapwood were similar, and 
only the micro-images of the core layer are provided here. 
The amount of resin in the sapwood resin canals was lower 
and voids were still present in the resin canals (Fig. 3a). 
After MW treatment, there was no resin exudation on the 

Fig. 3 Microscopic image of sapwood core layer. (a) control; (b) MW-60s; (c) SS-9 h; (d) MS-9 h. The arrows point to the voids (a) or the resin 
(b, c, and d) of the resin canals

 

Fig. 2 Moisture content of sapwood and heartwood before and after MW (a), SS (b), and MS (c) treatments
Note: control is green wood moisture content
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preparation, which could have caused the resin in the epi-
thelial cells to flow into the resin canals. The amount of 
resin inside the axial resin canals was significantly reduced 
after MS treatment, and holes appeared in the resin canals 
(Fig. 6c). In addition, the resin morphology of the latewood 
bands changed significantly. Some of the tracheids in the 
latewood zone of the untreated wood were filled with resin 
(Fig. 6b). However, this phenomenon disappeared in the 
MS-treated samples, and only some resin was attached to 
the tracheid wall (Fig. 6d). Additionally, the amount of resin 
in some radial resin canals and ray cells was significantly 
reduced (Fig. 6d).

3.3 Resin content

Figure 7 shows the RC of the wood before and after the MW, 
SS, and MS treatments. The MW treatment had a negligible 

and are not presented separately here. The heartwood resin 
canals were almost fully filled with resin (Fig. 5a), and 
some ray cells were filled with resin (Fig. 5e). After MW 
treatment, some voids were found inside the resin canals or 
ray cells in the surface layer, and the resin shrank (Fig. 5b, 
f). This phenomenon was aggravated after MS treatment, 
and the destruction of some parenchymal cells was visible 
(Fig. 5c, g). This shows that the turpentine evaporation and 
resin discharge were intense, and the blocked resin canals 
or ray cells were opened. However, the core layer contained 
more resin attached to the inner walls of the resin canals 
(Fig. 5d, h). This indicates that the resin inside the inner 
heartwood was not completely removed.

Figure 6 shows the cross-sectional microscopic images 
of the heartwood before and after MS treatment. The axial 
resin canal of the control sample was filled with resin 
(Fig. 6a). This may have been due to cutting during sample 

Fig. 5 Microscopic image of heartwood tangential section. The arrows points to the resin (a, b, d, e, f, and h) or voids (c and g) of the resin canals 
or ray cells

 

Fig. 4 Microscopic image of 
heartwood surface. (a) control; 
(b) MW-60s; (c) SS-3 h
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RC of the MS samples was lower for the same treatment 
time, since MW treatment can discharge part of the resin 
and reduce the RC. The MW treatment may also open par-
tially closed pores, which are conducive to the movement 
of the resin. In addition, the planing treatment after MW 
treatment removed the surface resin, which was beneficial 
for discharging the resin during the subsequent SS treat-
ment. However, the average final RC of sapwood was 0.7%, 
and that of heartwood was 3.9%. This shows that under the 
conditions of this experiment, the MS treatment could not 
completely remove the resin from the wood. As shown in 
Fig. 5d, a large amount of resin remains in the resin canals 
inside the wood. This is because the resin becomes more 
viscous and less fluid as drying progresses. Therefore, the 
pine resin inside the wood is not easily discharged.

3.4 Porosity and pore size distribution

The removal of resin had a significant effect on wood poros-
ity, which in turn affected the impregnation of wood. Table 3 
shows the changes in the porosity of radiata pine sapwood 
and heartwood before and after the MS treatment. After 
the MS treatment, the total intrusion volume, total surface 
area, and porosity of radiata pine wood increased to varying 

effect on the RC of the sapwood (Fig. 7a). The RC of the 
group treated at 18 kW for 80 s was slightly reduced; how-
ever, there was no significant difference compared to that 
of the other groups. This may be due to the low RC in the 
sapwood, and only part of the turpentine volatilised with 
water vapour during the MW treatment. Therefore, there 
was little difference in the RC before and after MW treat-
ment. The microscopic image in Fig. 3 confirms that only 
a small amount of resin was present in the sapwood resin 
canal. The MW treatment had a greater effect on the RC of 
heartwood (Fig. 7a). The RC of the three groups was signifi-
cantly reduced after MW treatment.

The SS treatment had a significant effect on the RC of 
sapwood and heartwood. For sapwood, treatments for 3 h, 
6 h, and 9 h reduced the average RC by 1.4%, 1.2%, and 
0.9%, respectively. This may be due to the longer treat-
ment time of SS and more resin being carried out during the 
volatilisation of wood moisture. For heartwood, turpentine 
volatilised, and a large amount of liquid resin moved from 
the interior to the wood surface (Fig. 4c). Therefore, the RC 
decreased further, and as the treatment time increased, the 
RC gradually decreased.

As shown in Fig. 7c, MW treatment accelerates the dis-
charge of the resin. Compared with the SS treatment, the 

Fig. 7 Resin content of sapwood and heartwood before and after MW (a), SS (b), and MS (c) treatments

 

Fig. 6 Microscopic image of heartwood cross-section of control (a, b) and MS-9 h (c, d) sample. The arrows point to the resin (a) and voids (c and 
d) of the resin canals or ray cells; the wireframes contain the characteristics of the resin inside the tracheid (b and d)
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whereas those of heartwood were 82.2%, 11.7%, and 40.2, 
respectively. However, the mean pore diameter of the sap-
wood decreased, while that of the heartwood increased.

The functional relationship between the rate of change 
in the pore volume and pore diameter is shown in Fig. 8. 
According to the anatomical structure, the diameter of the 
axial resin canal in pine radiata is 40–70 μm, the diameter 
of the radial resin canal is approximately one-third to one-
fourth that of the axial resin canal, and the parenchyma cells 
are smaller (Cown 2011). Comparing Fig. 8a and b, the sap-
wood and heartwood of radiata pine differed in the entire 
pore size distribution range. The sapwood and heartwood 
pores were mainly distributed in 1–50 μm and 0.02–50 μm, 
respectively. After MS treatment, the porosity of the sap-
wood and heartwood increased to varying degrees. The 
most obvious change in sapwood was the notable increase 
in porosity at 15–50 μm, which may be due to the discharge 
of pine resin, resulting in more pores in the resin canal, 
parenchyma cells, and tubule cavity. Another change is that 
the pores near 5 μm decreased and developed into smaller 
pores, which may be due to the destruction of parenchyma 
cells; this part of the pores may have become larger, while 
the increase in pores near 1 μm may be due to the discharge 

degrees. The total invasion volume of the sapwood control 
sample was 1.05 mL/g, and MS treatment increased the total 
invasion volume by 9.5%. The total invasion volume of the 
heartwood control sample was 1.44 mL/g, and the MS treat-
ment increased the total invasion volume by 39.6%. The 
total invasion volume of heartwood was more significant 
than that of sapwood because heartwood contains more 
resin (Fig. 6) and the removal of resin can provide more 
pores. In addition, the increases in the total surface area, 
porosity, and median pore diameter of sapwood after MS 
treatment were 134.1%, 5.2%, and 34.5%, respectively, 

Table 3 Automatic mercury porosimeter test results of wood before 
and after MW or MS treatment
Sample Total 

Intrusion 
Volume
(mL/g)

Total 
Surface 
Area
(m2/g)

Mean 
Pore 
Diameter
(nm)

Median 
Pore 
Diameter
(nm)

Poros-
ity
(%)

S0 1.05 1.29 3260.7 6204.7 51.9
S-MS 1.15 3.02 1521 8347.7 54.6
H0 1.44 10.76 295.2 5343.6 63.9
H-MS 2.01 19.60 749.3 7490.5 71.3
Note: Control sapwood samples were recorded as S0, and MS-9 h as 
S-MS, control heartwood samples were recorded as H0, and MS-9 h 
as H-MS.

Fig. 8 Cumulative pore size distribution (a, c), pore volume change rate (b, d), and pore diameter of sapwood (a, b) and heartwood (c, d)
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good water uptake, which is consistent with the results of 
a previous study (Matsumura et al. 1999). The uptake of 
the control samples exhibited no significant difference 
between the samples after MW, SS, and MS treatment, and 
the uptake range was 0.497 g/cm3–0.583 g/cm3. In addition, 
the liquid entered the interior of the wood in a radial manner 
and diffused to its surroundings (Fig. 9d), which is consis-
tent with the results of previous studies. The liquid enters 
the interior of the wood through radial resin canals and ray 
cells and penetrates the surrounding tracheids (Matsumura 
et al. 1998).

The water uptake of heartwood was significantly lower 
than that of sapwood, the uptake rate of the untreated samples 
was low (0.045 g/cm3–0.072 g/cm3), and the dye solution 
was present only on the wood surface. After MW treat-
ment, the uptake of heartwood increased to 0.121 g/cm3–
0.139 g/cm3, and the uptake was more than double since, 
part of the resin on the surface layer was removed, which 
provided more paths for the dye solution to enter; however, 
the dye solution could not penetrate the interior of the wood, 
and only a small part of the area appeared to contain the dye 
solution (Fig. 9d) as the MW treatment could only remove 

of resin or the destruction of the pit membrane by MS treat-
ment (Weng et al. 2020). The porosity of the heartwood was 
increased in the range of 0.55–50 μm, which was larger. 
This is because heartwood contains more resin, and the MS 
treatment removes part of the resin from the resin canals 
and increases porosity. The increase in pores at 0.55–5 μm 
may be caused by the migration of oleoresin in latewood. 
The latewood of the radiated pine heartwood was almost 
completely filled with resin (Fig. 6b), whereas MS migrated 
to the resin (Fig. 6d). In addition, the pores did not change 
significantly in the range of 0.02–0.55 μm.

In summary, the MS treatment increased the porosity and 
pore size of radiata pine wood. There was a significant effect 
on the water uptake of wood, particularly in heartwood. 
Resin canals are the paths of liquid flow, and the discharge 
of the resin undoubtedly opens the penetration path and pro-
motes liquid entry.

3.5 Water uptake

The uptake and toluidine blue penetration images of the 
radiata pine wood are shown in Fig. 9. Sapwood exhibited 

Fig. 9 Water uptake (a, b, c) and 
toluidine blue penetration images 
(d) of sapwood and heartwood
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resin canals on the surface were penetrated by the dye solu-
tion, and the penetration of the dye solution was blocked as 
the depth increased (Fig. 10b, c). Further observation of the 
resin canal in the core revealed that the resin canal reached 
by the dye solution was larger, and the internal resin was 
partially removed (Fig. 10d), whereas the unstained resin 
canal was filled with resin (Fig. 10e). In addition, the axial 
resin canals were stained, even though they were in the core 
layer (Fig. 10f). This indicates that the radial and axial resin 
canals are interconnected, forming a resin canal network, 
which is the main pathway for fluid penetration (Matsumura 
et al. 1998). Under the conditions of this experiment, the 
treatment time was short and there was no pressure treat-
ment; therefore, the uptake of the heartwood was low; how-
ever, it was more than thrice that of the untreated wood. 
Therefore, it can be used to improve the impregnation of 
radiata pine heartwood.

4 Conclusion

This study analysed the reasons for the improvement of the 
water uptake of radiata pine by MW and SS from the per-
spective of resin content. The results show that the water 
uptake of sapwood is outstanding. Although the MW, SS, 
and MS treatments reduced the resin content and increased 
porosity, they had no significant effect on the impregnation 
effect of sapwood. Heartwood was poorly permeable, and 
the control sample was almost impermeable. MW, SS, and 
MS treatments reduced the resin content and improved the 
impregnation effect of heartwood. Radial resin canals and 
rays are the main permeation paths of the tangential sec-
tion, and the dye penetrates the wood through the open resin 
canals and rays. Thus, the MS treatment is a favourable 
strategy for increasing the water uptake of resinous wood 
and expanding its applications.

Acknowledgements The authors would like to acknowledge Funda-
mental Research Funds of CAF (No. CAFYBB2021QA003) and the 

part of the resin in the wood, and resin present in the resin 
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