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Abstract: Wood dried using supercritical CO2 has unique properties because water is removed
directly from the cell lumens through the cycling between supercritical and gas phases. Eucalyptus
urophydis green wood was dried by supercritical CO2 at 50 ◦C and pressure of 10, 20, and 30 MPa;
the effect of supercritical CO2 drying on moisture content distribution and transfer, as well as the
permeability and extractive content of the wood, was investigated. The results showed that the
supercritical CO2 drying rate was high, showing the highest drying rate at 20 MPa and the lowest at
10 MPa. Drying rate increased with pressure below 20 MPa in this study; drying rate represented no
positive relation to pressure over 20 MPa. Moisture content distribution was more uneven in the
low-pressure drying conditions and in the middle transverse section of the specimens. The moisture
content gradient in tangential was greater than that in longitudinal, especially for the drying of
10 MPa, indicating that water was removed mainly in the former direction of wood. More extractives
were removed from wood at higher pressure during supercritical CO2 drying. Bordered pits were
broken up more at higher pressure conditions. The decreased extract yields and increased amount of
opened bordered pits increased the permeability of the wood after supercritical CO2 drying.

Keywords: supercritical carbon dioxide drying; moisture content distribution; moisture transfer;
permeability; extractives

1. Introduction

Eucalyptus trees have been planted widely in south China. Although most Eucalyptus species
are used for pulping, papermaking, and wood-based panels, certain species have a potential for the
production of solid-wood products, such as furniture and flooring, due to their high density and
mechanical strength [1]. Thus, recently the wood processing industry has paid more attention to the
processing and utilization of eucalyptus wood. However, collapse during conventional kiln drying
(CKD) is a severe defect limiting its use as a solid-wood material [2,3].

Normally, shrinkage property is the inherent character of wood. Wood shrinks when its moisture
content is lower than its fiber saturation point (FSP), and the wood cells do not deform as the wood
shrinks. However, collapse is a severe shrinkage of wood which results in cells severely deforming
due to negative water tension in the wood during the early stages of CKD where the wood has a
high moisture content (MC) [4–6]. In order to decrease the prevalence of collapse during CKD, some
pretreatments can be applied to alleviate the conditions causing collapse, such as pre-steaming or
boiling, pre-microwaving, and pre-freezing [7–9]. Other methods, such as improving the humidity of
drying conditions during or after drying, can promote recovery from collapse [10,11]. In addition, some
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special drying methods, including radio-frequency/vacuum drying, freeze-drying, and supercritical
CO2 drying (SCD), have been applied to eucalyptus wood, and can reduce the extent of the deformation
of the wood [12–14], especially SCD.

Supercritical CO2 (SuCO2) fluid has a lower supercritical temperature (31.1 ◦C) and supercritical
pressure (7.38 MPa) [15]; it has excellent solubility and heat transfer characteristics, and other good
properties such as availability, non-toxicity, non-flammability, high recovery rate, and strong process
selectivity [16]. These characteristics indicate that SuCO2 can be of great use for various wood-related
applications, such as impregnation, extraction, and drying. The SCD method, put forward in patents
for the first time, dewaters wood by changing the pressure to circulate CO2 between the supercritical
phase and the gas phase via the pressure difference in the decompression process [17]. SuCO2 fluid
was also used to dry radiata pine, and it was found that the wood samples with an initial MC of 174%
were successfully reduced to 39% after seven cycles between supercritical fluid and gas phases [18].
This method could prevent wood cracking caused by surface tension and significantly reduce wood
collapse resulting from negative water tension [19–21]. Additionally, during SCD, the hydrothermal
softening due to lignin heating under saturated conditions could potentially release the built-up
stresses, resulting in less collapse [22]. This method can dry wood fast with few drying defects [23] and
has a huge potential in the application of drying for refractory eucalyptus wood. Some scholars have
explored the characteristics of drying rate, moisture profiles, and wood shrinkages, and the mechanism
of moisture removal and SuCO2 diffusion [24–27]. However, few studies were related to the effect
of SCD on moisture transfer in wood radial, tangential, and longitudinal directions, and on wood
permeability and extractives.

Compared to drying temperature, the effect of drying pressure plays more of a role in water
removal during SCD [17,18]; therefore, Eucalyptus urophydis wood was dried by SCD at 50 ◦C and
different pressures of 10, 20, and 30 MPa in this study. The main objective was to explore the effect of
SCD on moisture transfer, permeability, and extractives of wood.

2. Materials and Methods

2.1. Materials

Green wood of Eucalyptus urophydis was obtained from Guangxi, China. The initial MC was about
119% and the basic density was 0.502 g/cm3. The logs were converted into timber (heartwood) of 25(R)
× 30(T) × 1000(L) mm and then were sawn into specimens of 25(R) × 30(T) × 100(L) mm. Thereafter,
they were wrapped with plastic film and stored at 4 ◦C in a refrigerator for later use. In this study,
a total of nine specimens of 25(R) ×30(T) ×100(L) mm were random selected and divided into three
groups (3 end-matched specimens in each group for each drying condition) for different SCD tests.
The specimens were free of knots and other defects (See Figure 1).

Figure 1. Schematic diagram of drying specimens cutting.
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2.2. Equipment

The apparatus used was a SuCO2 drying device (DY221-50-06, Huaan Supercritical Fluid Extraction
Co., Ltd., Nantong, Jiangsu, China). It consisted of a CO2 storage bottle, a 5 L (ϕ100) and a 2 L
(ϕ50) drying vessel, a circulating pump, and two drying adsorption vessels, as shown in Figures 2
and 3. The drying vessel could control pressure from 0.1 to 30 MPa, and temperature from 30 to 70
◦C. Liquid CO2 was supplied to the device from the storage bottle and the supercritical pressure was
controlled by the circulating pump. The temperature of the drying vessel was regulated by a heated
mantle during the drying process.

Figure 2. Supercritical CO2 drying device.

Figure 3. Photo of a part of the supercritical CO2 drying device.

Other equipment included an electric heating oven (DHG-905386-III, Shanghai Cimo Medical
Instrument Co., Ltd., Shanghai, China), a scanning electron microscope (SEM, FEI Quanta 200,
Eindhoven, The Netherlands), and an electronic balance, with an accuracy of 0.001 g (Sincere
Dedication of Science and Technology Innovation Company, Shanghai, China).

2.3. Drying Test

All specimens were weighed before each SCD run. For each test, three end-matched specimens
were inserted into the drying vessel, and the drying was carried out according to the schedule in Table 1.
During the drying process, the specimens were in full contact with SuCO2 at the setting pressure and
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temperature for a hold time of 60 min. Thereafter, the pressure was decreased to atmospheric pressure
through the escaping of CO2 gas from the outlet valve. The specimens were taken out from the drying
vessel for further sample preparation after cessation of CO2 emission.

Table 1. Parameters for supercritical CO2 drying (SCD) process.

Process Parameter Value

Pressure max (MPa) 10/20/30
Pressure min (MPa) 0.1

Pressurization time (min) 10~30
Hold (min) 60

Decompression (min) 10
CO2 emission (min) 30

Supercritical temperature (◦C) 50

2.4. Determination of Moisture Content and Its Distribution and Drying Rate

The MCs were measured according to GB/T 1931-2009 (National standard of China 2009). MC was
determined based on oven-dried weight of specimens. For each test, the specimens were taken out
from the drying vessel after decompression, and then were placed into a glass container. Thereafter,
two 5 mm thickness slices were sawn from the middle and near one end of a specimen after cessation
of CO2 emission. The slices were dissected into 25 wood blocks (Figure 1), which were then dried at
103 ◦C to calculate the MC of each block. Thereby, the average MC and distribution in tangential and
radial directions in the middle and near one end of a specimen could be evaluated and the drying rate
could be determined. The moisture distribution images were drawn by the function of contour using
Origin 2020 (OriginLab Corp., Northampton, MA, USA).

2.5. Determination of Extracts of Wood Dried after Supercritical CO2 Drying

The crushed and processed powder from the wood after SCD was prepared for Soxhlet extraction
testing. Three replicates of 2 g each were well wrapped using quantitative filter paper for each drying,
and then were extracted using a benzene-ethanol (1:2, v/v) solvent at 60 ◦C temperature. The extraction
duration was 6 h and each cycle was 20 min. The extract yields were calculated using Equation (1).

C = (W1 −W2)/W1 × 100% (1)

where C is the extract yield, W1 is the mass of absolute dry sample prior to extraction, and W2 is the
mass of wood residue after extraction.

2.6. Microstructure Characterization of Wood after SCD

In order to observe the effect of SCD on the microstructure of the wood, specimens with dimensions
of 5(R) ×5(T) ×5(L) mm were prepared after each SCD. The specimens were freeze-dried to a constant
weight, and then were fixed on conductive adhesives and coated with gold. The radial sections of the
specimens were observed by SEM (FEI Quanta 200, Eindhoven, The Netherlands).

2.7. Permeability Evaluation of Wood Dried after Supercritical CO2 Drying

Wood permeability is a physical property that describes the fluid penetration in wood and is used
as an indicator to reflect the degree of wood processing and utilization [28]. To explore the permeability
change, the method of measuring water absorption ratios from a previous study was used [29]. In the
current study, the water absorption test of the wood was carried out after SCD, and the permeability
of the wood was evaluated by water absorption ratio. A total of 5 specimens of 25(R) ×30(T) ×5(L)
mm were produced from the left part of the specimens in each drying. Before immersion in water,
the specimens were oven-dried at 103 ◦C to a constant weight and then weighted. Afterwards, the
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specimens were put into a vessel filled with distilled water, and plastic meshes and stainless-steel ingots
were used to ensure that all specimens could absorb water. The water was replaced once each day
during the test. The specimens were taken out of the water in different intervals, and then weighted
after wiping the water on the wood surface. The intervals of weight measurement were short in the
first day and after that became long. The water absorption ratio was calculated according to Equation
(2).

W = (W1 −W0)/W0 × 100% (2)

where W1 is the mass of specimens after water soaking at different moments and W0 is the mass of
specimens after oven-drying.

3. Results and Discussion

3.1. Characteristics of Drying Rate

The initial and final MCs as well as the drying rate of the three SCD groups and the CKD (Control)
group are presented in Figure 4. The drying rate of CKD was obtained from a previous study [23].
The dimensions of specimens for CKD was the same as that of the SCD specimens in this study. The
drying conditions of CKD are 50 ◦C dry-bulb temperature and 84% relative humidity, and the drying
time is 1 hour. For SCD, the declined MC of the specimens was from 30 to 50% after 1 h of drying,
showing the highest drying rate at 20 MPa and lowest drying rate at 10 MPa. For CKD, the declined
MC of specimens was only 5.5% after 1 h of drying. The ratio of drying rate of SCD to CKD is 5.5
to 9.1, indicating that the drying rate of SCD is much faster than that of CKD. From this point, this
method is potentially more economical in the industrial application due to the shortened drying
time. A previous study showed that the drying rate is influenced by concentrations of dissolved
CO2 and the permeability of wood [16]. Increased pressure improves the concentration of dissolved
CO2 [30] and wood permeability [31], both of which lead to increased drying rates at higher CO2

pressure. The more CO2 dissolved in free water, the greater the volume of gas bubbles generated as the
CO2 pressure is lowered, which expels water from wood more rapidly. The penetration of CO2 into
wood is complicated due to the barriers of cell walls and the tortuous diffusion pathways. Therefore,
improved permeability promotes the penetration of CO2 into wood and also reduces the barriers for
water flow from wood. However, the drying rate at 30 MPa was lower than that at 20 MPa, which is
consistent with previous results [17], indicating that the effect on drying rate is not positively related
for higher pressure.

Figure 4. Drying rate and moisture content for 1 h SCD at different pressures.

3.2. Moisture Content Distribution

The 2D images of the MC distribution of specimens after 1 h of SCD at three different pressures are
shown in Figure 5. The left and right images represent the MC distribution of locations in the middle
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and near one end of the specimen, respectively. The average MC in the three left images was higher and
the MC distributions were more uneven compared with those in the right images. For all the images,
the interior locations presented higher MCs compared with those near surfaces. These findings show
that water in wood is expelled from wood in complicated paths including transverse directions and
longitudinal directions. The water in locations near the wood surfaces and the ends of the specimens
was easier to be expelled by the generated bubbles of CO2. However, water in the interior locations in
the middle of the specimens was more difficult to be expelled due to the long distance from the interior
to the surfaces and ends of the specimens. It can also be seen that the MC distribution of specimens
after 1 h of SCD in 10 MPa is more uneven than that of specimens in 20 and 30 MPa. The reasons may
be attributed the initial MCs of specimens and the lower hold pressure. The interior water is more
difficult to be removed by the expelling of CO2 bubbles at lower hold pressures when wood has more
moisture, resulting in higher interior MC.

Figure 5. Moisture content distribution of wood after 1 h of SCD at different pressures (core layer: the
slice in the middle of a specimen; surface layer: the slice near one end of a specimen).
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3.3. Characteristics of Moisture Content Gradient

Moisture content gradient is the difference in moisture content between the inner and outer
portions of a board. Figure 6 shows the characteristics of MC gradient in tangential, radial, and
longitudinal directions of specimens after 1 h of SCD. The MC gradients in 10 MPa were the biggest,
which was inconsistent with the findings of MC distributions in Figure 5, indicating great differences of
MC in longitudinal and transverse sections of wood. The MC gradients of specimens in 20 and 30 MPa
decreased significantly compared with those in 10 MPa, leading to relatively small MC differences
in wood. For the drying in 10 MPa, there was no difference of MC gradient between the radial and
longitudinal directions, but the MC gradient in the tangential direction was almost 2 times those
of the radial and longitudinal directions. This implied that free water was removed majorly in the
tangential direction from wood in the drying at low hold pressure. For the higher hold pressure of 20
and 30 MPa, although the MC gradients became small in the three directions, the MC gradients in the
tangential direction were over 1.5 times that of the longitudinal direction. All these findings show that
free water was removed during SCD mainly in the tangential direction; these results are in agreement
with previous reports [24,25]. This could be attributed to the more bordered pits existing in the radial
walls of wood [32], which control the flow of water between the lumens of adjacent cells. During SCD,
the dissolved CO2 facilitated expulsion as the CO2 pressure was released and the bubbles of CO2 gas
expanded, which resulted in free water expulsion mainly through tortuous pathways involving cell
lumens and the bordered pits that connect those lumens tangentially towards the specimen surfaces.
In addition, the higher MC gradient results in a higher drying rate, which could lead to greater negative
water tension causing irrevocable damage to the cell wall [33].

Figure 6. Moisture content gradient of wood after 1 h of SCD at different pressures.

3.4. Extractives of Wood Dried after Supercritical CO2 Drying

The extract yields of specimens after 1 h of SCD at different pressures are shown in Figure 7.
Compared with 10 MPa SCD, the extract yields of wood decreased at 20 and 30 MPa, and there were
no obvious differences between wood after 20 and 30 MPa SCD. The main extractives of Eucalyptus
urophydis obtained using a benzene-ethanol solvent are esters [34], which are more easily dissolved
in supercritical CO2 because of its polarity. The high CO2 density at high pressure increased its
solvent power and therefore, more substances were extracted from the wood as water expulsion [35].
As extractives affect wood permeability, the permeability of specimens could be improved after higher
pressure SCD.
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Figure 7. Extract yields of specimens of wood after 1 h of SCD at different pressures.

3.5. Microstructure Characterization of Wood after Supercritical CO2 Drying

The SEM photographs of specimens after conventional drying (50 ◦C/60% RH) and SCD are
illustrated in Figure 8. The results demonstrate that SCD drying had a remarkable effect on the tissue
of cell structures, especially for the higher hold pressure. Few vestured pits opened after conventional
drying, while more vestured pits became open after SCD, particularly for the condition of 30 MPa hold
pressure. Lots of pits, which are the main moisture transfer passages in the wood interior and control
the flow of water between the lumens of cells, were broken up due to the great pressure difference
between further locations within wood and locations close to wood surfaces [30,36]. The opened pits
improved wood permeability, which benefits supercritical CO2 diffusing into wood and moisture
removal in wood interior.

Figure 8. SEM micrographs of wood after conventional drying (a: 50 ◦C/60% RH) and 1 h of SCD at
different pressures (b: 10 MPa, c: 20 MPa, d: 30 MPa).

3.6. Permeability of Wood Dried after Supercritical CO2 Drying

The water absorption ratio of specimens after 1 h of SCD at different pressures is presented in
Figure 9. As can be seen, the water absorption rate was fast in the first 6 h, and then it increased slowly
until becoming constant. Moreover, the water absorption rate was obviously different for the specimens
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after SCD, showing the fastest water absorption rate at 20 MPa and the lowest at 10 MPa. The increased
water absorption ratio shows improvement of wood permeability, and this result is in agreement with
previous studies [29,32]. The improved permeability of wood is attributed to extracts reduction in
wood and micro tissue change of cell walls during SCD. It can be seen that extract yields of wood after
SCD was decreased (Figure 7) and bored pit membranes were broken up after SCD (Figure 8). Hold
pressure presented the same effect on improvement of drying rate and wood permeability (Figures 4
and 9), and this is because lumen water expulsion efficiency was influenced by wood permeability [37].

Figure 9. Water absorption ratio of wood after 1 h of SCD at different pressures.

4. Conclusions

The moisture content distribution and transfer property as well as the permeability and extractives
of Eucalyptus urophydis wood after supercritical CO2 drying were measured and studied. SCD has a
great drying rate, and the drying rate was increased with pressure below 20 MPa, which did not show
a positive relation to higher pressure conditions. The pressure played a critical role in water removal
from wood, which is the key factor for the drying process and drying schedule building. The moisture
contents were higher in the middle of specimens and in the interior of transverse sections of wood.
Moisture distributions were more uneven in the condition of low pressure at 10 MPa and in the middle
transverse sections of wood. The MC gradient in the tangential direction was greater than in the
longitudinal direction, suggesting that water was expelled mostly in the tangential direction of wood.
More extractives in the wood were removed by SCD in higher pressure condition. More bordered pits
were broken up in the higher pressure SCD. Permeability of wood was improved after SCD due to the
reduced extractives and increased amount of opened bordered pits.
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