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Distribution and Migration of Moisture in Round Bamboo
in Response to Microwave Drying
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Characterized by its light weight, high strength, and good flexibility, round
bamboo is a natural functional biomaterial with a multi-level structure. Cracking
is a key factor hindering its wider application. Moisture changes cause cracking
when the round bamboo is dried. Therefore, studying moisture variations in the
drying process of round bamboo can effectively reduce or solve the cracking
problem. In this study, microwave drying with computer tomography (CT)
imaging technology was used to understand the distribution and migration of
moisture in round bamboo in the course of drying. The results indicated that
water content has a significant correlation with the CT value, which can be used
to achieve rapid determination of water content. The radial water content of
samples gradually decreased from bamboo green (outer) to bamboo yellow
(inner). The axial water content was high in the middle and low on both ends.
As the water content decreased, the axial moisture distribution was consistent.
The internode moisture mainly moved from the junction of bamboo yellow and
bamboo partition, entered the adjacent cavity, and then gradually moved
outward. Thus, the microwave drying method can effectively achieve industrial
drying of round bamboo and prevent cracking.
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INTRODUCTION

Bamboo plants are rich in resources and widely used due to their characteristics of
strong photosynthesis and fast growth. Due to the good physical and mechanical properties
and processing properties, high strength and good toughness, bamboo has been widely used
in high value-added fields such as construction and engineering (Sharma et al. 2015; Xia
and Sanjayan 2016; Vorontsova 2018; Hong et al. 2020; Hu et al. 2020). Round bamboo
is hollow and a functional biomaterial with a natural multi-level structure (Wegst et al.
2015). On the macroscopic scale, round bamboo is a typical natural fiber-reinforced
composite material with thick-walled bamboo fibers as the reinforcing phase and thin-
walled porous basic structure as the matrix phase. On the microscopic scale, round bamboo
is a nanocomposite with microfibrils as the reinforcing phase and lignin and hemicellulose
as the matrix phase (Gillis 1969; Bardage et al. 2004; Simmons et al. 2016; Akinyemi et
al. 2020). The drying of round bamboo is an important part of its industrial application.
Drying characteristics refer to the effects of drying method on resulting properties, such as
macroscopic characteristics and microstructure (Liese 2015). Round bamboo drying is
important for its efficient use, which can effectively prevent defects such as cracking.
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Conventional round bamboo drying, e.g. air drying or kiln drying, is limited by
poor efficiency due to high energy consumption and long cycle times. These methods
always bring some problems of long drying times, easy cracking, and serious pollution.
The special structure and anisotropic characteristics of round bamboo determine that its
drying process is more complicated than wood drying. Improvements in drying procedures
should be considered to effectively prevent defects such as deformation and cracking
during later use. Microwave drying has advantages of high speed and cleanliness and relies
on electromagnetic waves to directly act on the object and heat from the inside, prompting
all parts of the medium to obtain heat at the same time, and quickly heating up.

Moisture is a research focus in the field of wood materials, and a complete
knowledge system of the relationship between matter and water has been formed (Skaar
1988; Wiberg 1995; Eriksson et al. 2007; Wu and Peng 2007; Siau 2012; Huang et al.
2017; Kang et al. 2019). Moisture changes in the drying process are an important factor
that affect the drying quality of round bamboo. Variable water content is the primary reason
why round bamboo cannot be used for a long time. When round bamboo is placed in a
lower vapor pressure environment, desorption will occur, but in a high vapor pressure
environment, absorption occurs. This process of desorption and moisture absorption
increases the internal and external water content gradient, causing uneven shrinkage of
bamboo green and bamboo yellow. When this force exceeds the compressive strength of
the horizontal stripes of the cell, it will crack (Zhan and Avramidis 2017; Jantawee et al.
2018). The density of bamboo can affect its water absorption and speed, and changes in
water content can change other characteristics such as density, shrinkage rate, and strength
(Foadieng et al. 2017; Huang et al. 2017). Additionally, microwave treatment changes the
size of the pores of the material, increases the permeability of the cell wall, increases the
routes of moisture migration, and thereby accelerates the movement of internal moisture.
This method allows drying to take place uniformly and will not cause defects, such as
bamboo cracking (Lv et al. 2019). There have been few related studies on the effects of
drying methods on the water content of bamboo, and they are all based on a static idealized
angle (Dixon et al. 2018). Up to now, there has been no research on the distribution and
dynamic changes of moisture in the drying process of round bamboo.

In this study, with the help of related spectral analysis techniques, the radial and
axial distribution of round bamboo moisture at different drying stages was analyzed to
explore the moisture diffusion during the drying process of the round bamboo. By
combining the macroscopic and microscopic methods, the results revealed the moisture
movement mechanism of the round bamboo during the drying process and provided a
reference for industrial application of round bamboo.

EXPERIMENTAL

Materials

Five-year-old Hong bamboo (Phyllostachys iridescens C. Y. Yao & S. Y. Chen)
was collected from a forest farm of Sihe Township, Guangde County, Xuancheng, Anhui
Province, China. According to GB/T15780 (1995), a one-meter long sample of the newly
harvested bamboo was chosen from a whole section about 1.5 m above the ground, and the
marked sample was kept clean and even.
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Sample preparation

The samples were calibrated as follows. A total of 200 samples, each sized as 2 cm
(L) x L cm (T) x 0.5 cm (R) were divided into two groups, 100 samples per group with 10
water content gradients and 10 samples per gradient. The samples were dried at different
times to prepare different water content gradient samples. In the first step, the samples were
subjected to CT scanning and processed to calculate the water content of the samples at
various stages, and the relationship between water content and CT value was established.
The second step was to prepare the water content gradient sample according to the same
method, perform CT scanning, and then taking the scanned value into the model to obtain
the predicted value. The dry treatment was performed on the sample to obtain the actual
water content of each water content gradient sample. The actual water content value was
compared with the predicted value to verify the model accuracy. The experimental samples
were processed as follows. In the same batch of test materials, samples of uniform length
and diameter of the internodes were selected, and the samples were prepared with 10 cm
lengths between no-imperfections and no damage to the bamboo green. The water content
gradient preparation method is the same as above. The samples were prepared separately
with radial and axial CT scanning. Cylindrical samples with a sample size of 2 mm x 30
mm (diameter x length) were three-dimensionally scanned under at a high moisture content
to understand moisture migration phenomena (Fig. 1).
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Fig. 1. Schematic illustration for sample preparation (td: drying time with 10 min interval)

Methods
CT scanning

CT scanning parameters were as follows: 1.25 mm scan thickness, 1.25 mm layer
spacing, FOV9.6, std reconstruction algorithm, and ambient temperature 20 to 22 °C. The
samples were scanned with u-CT parameters, 150 kV voltage, and 1.8 voxel resolution to
realize three-dimensional characterization of the internal structure of the samples.

Drying
The microwave drying equipment at a microwave power of 2 kW, frequency at
2450 MHz, and temperature at 70 °C were used for drying. The sample table was equipped
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with a rotating device and a weighing device with an accuracy of 1 g to maintain sample
motion during the drying process and heated uniformly.

Characterization

The microscopic morphologies of the dried samples were characterized by field
emission scanning electron microscopy (XL30 ESEM FEG, Manufacturer, Beijing,
China). A computer tomography device (BrightSpeed Excel Select, Hangwei General
Electric Medical System Co., Ltd., Beijing, China) was used to scan samples and establish
the relationship between water content and CT value. Hence, the radial and axial moisture
distributions were determined. An X-ray three-dimensional microscope (nano voxel,
Sanying Precision Instrument Co., Ltd., Tianjin, China) was used to carry out three-
dimensional sample reconstruction and analyze the migration routes of the moisture.

RESULTS AND DISCUSSION

Model and Verification of the Relationship between Water Content and CT
Value

Figure 2 shows the model and verification of the sample water content and CT
value. As shown in Fig. 2b, the CT value gradually decreased as the water content
decreased.
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Fig. 2. The model (a,b) and verification (c,d) of water content and CT value
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According to the correlation between the sample water content and the changing
CT value, the relationship model of water content and CT value was established using
origin software (Fig. 2a). The results of goodness-of-fit ratio show that the linear model
was consistent with the changing trends of water content and CT value with a determination
coefficient R?> 0.91, indicating that the model has a high degree of reliability.

To verify the model accuracy, experimental tests were performed. Figure 2¢c shows
the fitting curve of the predicted value and measured value of the sample water content.
The predicted and measured values had a significant correlation of R?> 0.97. Therefore,
this model can be used to accurately predict the water content of samples in this experiment.

Moisture Distribution in Round Bamboo Samples

Figure 3 shows the radial and axial moisture distribution and CT scanning of the
sample. As shown in Fig. 3a, the radial water content gradually decreased from the green
bamboo to bamboo yellow. At high initial dry water content values, the evaporation of free
water was dominant, and the radial water content gradient slowly changed. With longer
drying times, free water gradually evaporated, the water content gradually decreased, the
radial water content gradient gradually increased, and the water content rate near the
bamboo yellow side changed from slow to high. According to the CT scanning of the end
surface (Fig. 3c), the vascular bundle is the main channel for moisture transmission. The
vascular bundle of the bamboo green part has higher density. The cells are densely
arranged, and the cell wall is thick. In contrast, some cells of bamboo yellow are loosely
arranged. Because the cell walls are thin and the vascular bundle density is low, the water
content of bamboo green is higher than that of bamboo yellow (Huang 2017). In the early
stages of drying, the water content of the sample is higher, and the water content of the
bamboo green side is higher than that of the bamboo yellow side. Additionally, there are
many silicified cells on the bamboo green side, and moisture permeability is poor (Jiang
2007). As drying progresses, the moisture migration of the bamboo green part is slower,
and the bamboo yellow part moves faster, increasing the water content gradient between
the two. The moisture of the bamboo green part will move to the bamboo yellow part.
Therefore, bamboo yellow slowly loses water at early stages of drying (slow change). In
late stages of drying, as the water content of the sample is low and the free water in the cell
cavity has evaporated (i.e., the fiber saturation point), the lateral movement of moisture
stops or is minimal, and the water loss at the bamboo yellow site is faster.

Figure 3b shows the axial moisture distribution curve of the sample. In the initial
stages of drying, the axial water content was high in the middle and low in both ends. As
the water content decreased, the moisture distribution was consistent. Bamboo is mainly
composed of vascular bundles and basic tissues and both are in an axial arrangement (no
horizontal tissue). The axial permeability of bamboo is much greater than the lateral
permeability (Sun et al. 2005; Yao et al. 2011); the water content is high in the middle and
low at both ends. When drying is performed, the moisture loss is from the open ends on
both sides, and the water loss is faster. The internal moisture gradually moves to the ends
through the action of diffusion (Fig. 3d) and due to pressure gradients, forming dynamic
inside and outside water content gradients. As the overall water content gradually
decreased, the final moisture distribution tended to be consistent.
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Fig. 3. The radial and axial moisture distribution (a, radial water content profile; b, axial water
content profile; ¢, the scan of cross section; d, the scan of radial section)

Moisture Migration Routes in Round Bamboo

The round bamboo structure and moisture migration routes are shown in Fig. 4.
During the drying process of round bamboo, the moisture was mainly discharged in vertical
and horizontal directions. Because the bamboo has no horizontal structure, the discharge
of the longitudinal moisture was the majority, and the discharge in the horizontal direction
was supplemental. The end is the priority route for the moisture discharge (Fig. 4a). During
the drying process, the moisture was discharged from both ends first, forming a water
content gradient inside and outside, and the interior moisture penetrated and diffused to the
end through lines and other routes. Figure 4b is a scan of the end of the sample when
saturated with water. The parenchyma cells and catheter were filled with water (bright). As
the water content decreased, the end moisture first evaporated, and the catheter and
parenchyma cell moisture decreased (dark) (Fig. 4c). Figure 4d is the radial macro-
structure map of round bamboo. The thick-walled fiber cells are the main part of the
bamboo green (outside) with poor permeability, while parenchyma cells of bamboo yellow
(inside) account for a relatively large amount, and moisture migration resistance is small.
When the water content was high (Fig. 4e), most of the internal moisture moved to the
ends, and a small part moved to the inside. As drying progressed, free water in the cell
cavity decreased until evaporation was complete (Fig. 4f).
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Fig. 4. The round bamboo structure and moisture migration routes (a, sample cross section; b,
scan of the end of the sample when saturated with water; ¢, out of water of b; d, radial section of
bamboo; e, the scan of the radial section with water; f, out of water of e; g, slub appearance; h, the
scan of slub; i, slub inside)

There are two main directions of horizontal moisture movement. One is movement
toward the bamboo green surface with direct discharge (rare), and the other is movement
to the bamboo yellow side into the internode sealed cavity, which discharges from the slub.
The slub is an important part of bamboo (Fig. 4g), composed of a stalk ring, a scoop ring,
and a bamboo partition. The vascular bundle of slub is arranged in a network (Fig. 4h),
which has important influence on the moisture movement. The bamboo partition has no
convey tissue and is mainly composed of siliceous and calcareous cells with poor
permeability. Because the internode is a sealed cavity, as the moisture continues to enter,
a large vapor pressure will form between the internodes. Moisture mainly moves from the
junction of bamboo yellow and the bamboo partition (Fig. 4i), enters the adjacent cavity,
and then gradually move towards the ends until it is expelled.
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Mechanism of Moisture Migration

The presence of water in round bamboo can be divided into three types: liquid
water, which mainly exists in the large capillary system composed of cell cavities; adsorbed
water, which exists in the micro-capillary system and is adsorbed on cellulose,
hemicellulose, lignin, and hydroxyl groups of other components; and water vapor, which
exists in the macro-capillary composed of the unsaturated cell cavity. The migration routes
of water primarily include macro-capillary structure, mainly composed of cell cavity and
cell wall (Fig. 5a); capillary structure, composed of cell cavity and discontinuous cell wall
(Fig. 5b); and a continuous micro-capillary structure formed by the cell wall (Fig. 5¢). The
structures are related to each other to form a unified capillary system (Walker 1993; Wang
2003; Liu and Zhao 2012).

Fig. 5. The migration routes of water (a, macro-capillary structure composed of cell cavity and cell
wall; b, capillary structure macro-capillary structure composed of cell cavity and cell wall cell cavity
and discontinuous cell wall; ¢, a continuous micro-capillary structure formed by the cell wall)

During the drying process, free water moves first through the internal pore structure
and then from the inside to the outside under the driving force. When the temperature is
close to or exceeds the boiling point of water, water vapor is quickly generated, and the
pressure gradient inside and outside of the cell cavity increases significantly. Under an
overall pressure gradient, water vapor moves from a high-pressure area to a low-pressure
area, which is similar to the movement of free water, and gas penetration is also taken into
account in the movement of water vapor (Walker 1993). Although the density of water
vapor is relatively small, the volumetric flow rate is larger under certain pressures. The
overall pressure gradient causes the movement of water vapor. In the boiling zone, due to
moisture evaporation, there will be continuous water vapor (Waananen et al. 1993).
According to Fick's diffusion theory, moisture can freely migrate, usually moving from an
area with high water content to an area with low water content, which will produce a water
content gradient to achieve moisture content equilibrium (Skaar 1988; Siau 2012). The
diffusion rate is also known to increase with increasing temperature. When the temperature
rises from 25 °C to 100 °C, the diffusion rate increases about 37 times. During microwave
drying, more water vapor is generated, and diffusion plays an important role.

Unlike traditional drying, with microwave drying the overall pressure gradient is
the main driving force for water movement. The temperature and pressure are functions of
each other, and the temperature and pressure in the sample are greater than the outside,
which accelerates the evaporation of the moisture. When the temperature is constant, the
greater the pressure difference between inside and outside, the greater the intensity of
moisture evaporation. Additionally, heat is absorbed for the water evaporation, which
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reduces the surface temperature of the material, increases the temperature gradient inside
and outside the material, and the direction of water movement is consistent with the
temperature field, thereby accelerating the water migration rate. Therefore, under the
combined effects of temperature gradient, pressure gradient, and water content gradient,
microwave drying has advantages of low temperature and fast rates.

CONCLUSIONS

1. Using X-ray tomography technology, a water content-CT value fitting model was
established. Using this model, the bamboo water content can be quickly determined.
The radial and axial moisture distribution trends of the samples in different drying
stages were studied. The radial water content distribution of the round bamboo
gradually decreased from bamboo green to bamboo yellow. The axial water content is
high in the middle and low on both ends at early stage of drying. As the water content
decreases with drying, the axial moisture distribution tends to be consistent.

2. The moisture migration analysis of round bamboo shows that the moisture was mainly
discharged in two directions, vertical and horizontal. Slub is an important part of
bamboo, which has an important influence on moisture movement. Moisture mainly
moves from the junction of bamboo yellow and the bamboo partition, enters the
adjacent cavity, and then gradually moves toward the end until expulsion.

3. The mechanistic analysis of moisture migration shows that moisture mainly moves in
the form of free water and water vapor under the action of driving forces (pressure
gradient and temperature gradient). During microwave drying, the overall pressure
gradient is the main driving force for water movement. Under the combined effects of
temperature gradient, pressure gradient, and water content gradient, the diffusion rate
of water is accelerated.
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