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Abstract

The native pore structure and characteristic are the basis for studying the perme-
ability, pretreatment and further processing of bamboo. Herein, the porosity, surface
area, pore volume and pore size distribution of moso bamboo and their radial varia-
bilities were investigated by a combination of mercury intrusion porosimetry (MIP),
nitrogen adsorption and scanning electron microscopic image analysis. Bamboo has
a wide porosity range (48 ~70%) that exhibits a quadratic polynomial relation to the
radial position, and parenchyma tissue shows higher surface porosity (around 71%)
compared to vascular bundles (50.5~20.3%). The cell wall pores uncovered by MIP
and N, adsorption display the meso- to macropores abundant characteristics and
the mesopores account for 54.5~62.4%. Different radial samples demonstrate the
similar pore size distributions but variable volumes and surface areas (85.3~88.2
m?/g). The outer part of bamboo has these values smaller than that of middle and
inner samples, revealing a more compact structure. The present work gives an in-
depth view on bamboo pore structure and radial heterogeneity, which could pro-
vide the basis for pretreatment and subsequent development of value-added bamboo
products.

Introduction

Bamboo, a super-rich plant resource in Asia and South America, has merits of fast
growth (reaching full height within 3—6 months), short rotation (3-5 years), supe-
rior mechanical performance and sustained utilization after one afforestation (Liese
1998; Scurlock et al. 2000; Jiang 2007). Hence, bamboo like wood has always served
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as tools, furniture, buildings and fuels for supporting human activity (Scurlock et al.
2000). With the advancement of technology, depletion of fossil fuel and anthropo-
genic environmental degradation, tremendous attention has been paid to sustainable,
eco-friendly development based on biomass materials (Jiang et al. 2018). Therefore,
the significant potential for value-added, efficient and diversified development of
bamboo resource has been recognized.

The unique structure of bamboo is the key determinant of physical and mechani-
cal performance. Natural bamboo culm possesses rigid vascular bundles embedded
in parenchyma cells with a certain variation rule (Fei et al. 2016). In vascular bun-
dles, the fibrous sclerenchyma cells provide mechanical support (Dixon and Gibson
2014) while the hollow vessels and sieve tubes transport water and nutrients for the
bamboo culm. Parenchyma cells make up around 50% of bamboo culm and render
the outstanding flexural ductility of bamboo (Chen et al. 2020). There is obvious
porous body with a capillary system in the bamboo tissue, including cell lumens
and vessels along the growth direction, intercellular spaces and pits (Li et al. 2020;
Lian et al. 2020a). For sustainable function applications, the water, modifier or func-
tional substance is generally permeated through the porous structure. Therefore, it
is of great significance to systematically study the characteristics of pore structure
for understanding the penetration and realizing the functional utilization of bamboo.

Previous researchers have paid considerable attention to the heterogeneity of
structure and mechanical properties of bamboo culm in growth direction and diame-
ter direction (Low et al. 2006). For example, more densely distributed vascular bun-
dles and stronger mechanical properties are observed at outer instead of inner sec-
tion along the diametric direction (Ogunwusi and Onwualu 2013). Hence, the pore
structure stemming from vascular bundles and parenchyma tissues suffers from the
difference along the radial direction. Recently, the bamboo pore structure influenced
by different treatments (Ye et al. 2020; Su et al. 2021) and the ultrastructure of bam-
boo pits and the connectivity (Lian et al. 2020a; Liu et al. 2021) have gained much
attention. However, the native pore structure, especially regarding their radial vari-
ability, has not yet been fully characterized.

For analyzing the porous structure of a material, various techniques including
mercury injection porosimetry (MIP) (Pl6tze and Niemz 2011; Peng et al. 2015), gas
adsorption methods (Yin et al. 2015), microscopic image analysis (Rajagopal et al.
2019), X-ray computer tomography (Li et al. 2013), solute exclusion (Stone and
Scallan 1968) and nuclear magnetic resonance (Yao and Liu 2012) can be employed.
One should be aware that each technique has its own advantages and shortcomings
in characterizing the porous structure. MIP takes advantage of its simple principle,
good stability and rapid detection speed across a wide range of pore sizes; hence, it
is one of the most commonly used methods for analyzing the pore structure of many
porous materials, such as wood (Plotze and Niemz 2011; Moura et al. 2005) and
coal (Yao and Liu 2012). Moreover, gas adsorption, especially nitrogen adsorption
method, typically imparts the information related to nanopores, showing a very dif-
ferent narrow pore range (Kimura et al. 2016). As is well known, electron micros-
copy has been widely used to study the morphology and structure of a material.
Digital image processing of cross-sectional or top-view micrographs could provide
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additional quantitative information, such as porosity, pore size and size distribution
(Ziel et al. 2008).

In this work, comprehensive pore information including porosity, pore vol-
ume and pore size distribution of moso bamboo was investigated by using MIP,
nitrogen adsorption and electron microscopic image analysis. The pore features
of inner, middle and outer parts of bamboo were given to characterize the radial
heterogeneity, and the underlying relationship between bamboo porosity and its
radial position was determined. The main purpose is to offer a new interpreta-
tion in terms of pore structure that bamboo green and bamboo fibers own perme-
ability worse than wood, difficult to be uniformly filled by other substances. It is
also expected to provide a useful insight into determination of bamboo potential
improvements and functional utilization.

Materials and methods
Materials

Moso bamboo (Phyllostachys edulis, 3 ~4 years old) culms were obtained from
bamboo forests of Hunan province. Prior to the removal of the epidermal and
endodermal layers, bamboo blocks with an axial length of ~2 cm and a thickness
of about 8 mm were cut from the internodes. As illustrated in Fig. 1, ten longitu-
dinal cuts were uniformly made along the radial direction of the cross section of
bamboo blocks to facilitate better understanding of the radial porosity of bamboo.
Furthermore, three parts including outer, middle and inner were also uniformly
cut along the radial direction of the block, followed by cutting along the tangen-
tial direction to make small strips for mercury intrusion and nitrogen adsorption
measurement.
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Fig.1 Schematic diagram for sample preparation (L, longitudinal direction; R, radial direction; T, tan-
gential direction. Bamboo blocks were cut into ten pieces for overall porosity measurement and divided
into three parts for MIP and nitrogen sorption measurement.)
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Porosity and density

For measuring the overall porosity of bamboo, ten radial pieces (1~ 10) and their
seven duplicates from three different bamboo culms were employed. The calcula-
tion is based on the following equation:

P=(Vy=V)/Vyx100% = (1—py/p) X 100% (1)

where P represents porosity of a material (%), V, signifies the volume or apparent
volume (cm®) in natural state, V is the absolute dense volume (cm®), and po and p
are the volume density (g/cm®) and absolute density of a material, respectively. The
absolute density for woody materials is around 1.5 g/cm? (Du et al. 1992; Plotze and
Niemz 2011). This measured porosity P includes all pores: open and closed.

SEM image analysis

Moso bamboo blocks (without epidermal and endodermal layers) were cut into
a cuboid shape with dimension of 5x5X7 (R) mm?>, and then, the transverse
sections were polished by using a sliding microtome and air-dried for 12 h at
room temperature. After sputter coating with nanogold, the surface morphol-
ogy of bamboo blocks was observed by a scanning electron microscope (SEM,
Zeiss Sigma 300) at an accelerating voltage of 5 kV. Later, the SEM images were
imported into Image-Pro Plus software and the sizes were calibrated. Cell lumens
could be accurately selected by automatic identification together with manual
adjusting the boundary. The surface porosity can be acquired through dividing
the total area of the selected lumens by the total area of the image. Besides, the
diameters and the average values corresponding to the selected lumens can be
obtained.

MIP test

Mercury injection for capillary pressure measurement was carried out on a
McPretic Autopore IV 9510 (United Sates) based on ISO standard 15901-1. Prior
to the test, 2~3 g oven-dried (removing all bonded water and vapor at 110°C for
10 h) bamboo strips in the dimensions of 7(L) mm X 3(T) mm X (~3)(R) mm was
put into the sample chamber and sealed. The measurements were taken by incre-
menting the pressure approaching 300 MPa on a sample immersed in the non-
wetting mercury. After the intrusion and extrusion, the total and incremental pore
volume, pore surface area and porosity can be determined by the quantity (vol-
ume) of intruded mercury from low-pressure and high-pressure stations. Based
on the hypothesis of bamboo composed of a porous body with various capillaries,
the pore size distribution can be described by Washburn equation where pore size
is inversely proportional to pressure (Li et al. 2018).
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Nitrogen adsorption measurement

The nitrogen adsorption and desorption of bamboo samples were measured on an
Autosorb iQ apparatus at 77.3 K based on ISO standard 15901-2. Before that, 2 g
10-50 mesh power samples was first outgassed at 110°C for 10 h in a vacuum to elim-
inate the physically adsorbed gases (like water vapor) and impurities from the sam-
ple surfaces. Then the adsorption—desorption isotherms, Brunauer—Emmett—Teller
(BET) surface area and pore size distribution were obtained.

Results and discussion
Radial porosity and image analysis

The overall porosity of ten equal bamboo pieces obtained along the radial direc-
tion is shown in Fig. 2a. From inner to outer parts of bamboo culm wall, the overall
trend was increasing porosity followed by an obvious decline. According to the aver-
age values of porosity in Fig. 2a inset, the peak value of 70% appeared at the point
one-third to one-half away from the innermost layer of the culm wall. The outer-
most layer had the lowest porosity (47%), and the porosity in the outer third of the
culm wall was distinctly lower than that in other parts of the wall. This is because
most fibers have barely visible lumens and fiber percentage is distinctly higher in the
outer third of the bamboo culm wall (Li 2004). As a result, the bamboo porosity was
strongly correlated with the radial position, and a quadratic polynomial fitting was
made with correlation coefficient arriving at 0.95.

Figure 3 shows the microstructures of bamboo transverse section. Consist-
ent with other observations, 50—80% of the vascular bundles were located in the
outer third of the culm wall, 10-35% in the middle and only 10-20% in the inner
part for moso bamboo (Fujii 1985) (Fig. 3a). The morphologies of vascular
bundles and the lumen diameters of various cells were of significant difference
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Fig.2 Overall porosity of ten radial bamboo pieces (a) and surface porosity of vascular bundles and
parenchyma (b) based on SEM image analysis. The inset indicates the relation between average values of
porosity and radial position
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Fig.3 SEM images of moso bamboo at different radial positions (a) and image processing of ten vascu-
lar bundles based on Image-Pro Plus software (b)

along the radial direction. Further, ten images (Fig. 3b) of vascular bundles
with higher magnification were obtained, as numerically marked in Fig. 3a. The
porosity of vascular bundles and parenchyma tissue was subsequently calculated
based on Image-Pro Plus software. As shown in Fig. 2b, the surface porosity of
vascular bundles presented a near linear descent from 50.5 to 20.3% while the
surface porosity of parenchyma tissue was maintained at around 71%, along the
radial direction from the inner to the outer part of the culm wall. It means that
the difference of bamboo radial porosity is mainly determined by vascular bun-
dles instead of parenchyma tissue.

To distinguish which cells account for the radial variability in the porosity of
bamboo or vascular bundles, the lumen diameters of fibers, parenchyma cells,
metaxylem vessels, protoxylem vessels and sieve tubes were calculated, and the
results are shown in Fig. 4. The average lumen diameters of fibers and paren-
chyma cells were basically unchanged along the radial direction up to the point
one-fifth away from the bamboo outermost layer (Fig. 4a). Similarly, the aver-
age diameter of sieve tubes obviously also declined at one-fifth of the outer-
most layer. As for metaxylem vessels, its mean diameter decreased sharply at the
outer part of bamboo (Fig. 4b). Differently, the mean lumen diameter of protox-
ylem vessels exhibited reduced values at both the innermost layer and outer third
of the culm wall. It can be speculated that the radial variation in porosity was
predominantly influenced by the difference of protoxylem vessels from radial
inner to outer part of culm wall.
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Fig.4 Lumen diameters of fibers, parenchyma, protoxylem vessels (a) and metaxylem vessels and sieve
tubes (b) from radial inner to outer part of bamboo

MIP analysis

Mercury intrusion porosimetry is an efficient and common method to determine
porosity, pore size distribution and pore volume in porous materials (Plotze and
Niemz 2011). Bamboo culm contains various lumens of fiber, vessel, sieve tube and
parenchyma that can be regarded as a porous body with different capillary sizes, and
the mercury can be pressed into the capillaries from large to small pores. The mer-
cury intrusion—extrusion curves of three bamboo samples are shown in Fig. Sa—c.
The incremental mercury intrusion curves are also given to demonstrate the detailed
differences in mercury intrusion.

At the lower-pressure stage of 0—10 psia, the mercury gradually got into the
macropores and the inner sample displayed apparently more macropores than mid-
dle and outer samples. With the further increment of pressure, the intake of mercury
increased slowly because it is hard for mercury to get into smaller pores and the
energy is primarily for compressing bamboo strips. It is noticeable that these pores
were the most in the inner sample and the least in the outer sample. As the pressure
surpasses 10,000 psia, the mercury was pressed into small capillaries and the intake
had a vigorous growth. The cumulative intrusions of inner and middle samples were
about one time larger than that of outer sample, suggesting the worse porosity of
bamboo outer sample. Compared to the steep intrusion curves, the extrusion curves
were more flat lines because the bamboo samples retained the overwhelming major-
ity of mercury inside the pores. This phenomenon was attributed to the interconnec-
tivity of the pores within bamboo, like wood (Ding et al. 2008).

The threshold pressure is adopted to determine when the mercury can easily enter
the pores as well as to explain a connected pore network (Hu et al. 2017b). From
Table 1, a lower threshold pressure (0.9 psia) of middle sample corresponded to a
higher uptake of mercury (1.37 mL/g) and a higher level of porosity (70.9%), indicat-
ing the easier for mercury entering into the pores. The calculated porosity gradually
augmented from the outer to the inner part of bamboo. Thus, the outer sample had a
threshold pressure of 2.18 psia and the lowest porosity of 53%. Though outer sample
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the corresponding differential pore size distribution (d)

Table 1 Pore structural parameters based on mercury porosimetry

Samples  Relative pore volume/% P.psia  Vo/mLlg r,/mm Sp/m¥g  @/%
Pore Pore size Pore size Pore size
size>10 pm  [10-0.1) [100-50) [50-5) nm
pm nm
Outer 28.9 6.8 1.9 62.4 2.18 0.57 22.6 85.3 53.1
Middle 20.0 8.3 2.6 552 0.90 1.37 35.6 88.2 70.9
Inner 34.8 7.5 3.1 54.6 0.92 1.28 355 86.2 72.5

P, threshold pressure, V; total volume of mercury, r,, average pore diameter, Sy total surface area, ¢
porosity

displayed a smaller threshold pressure than larch wood (3.02 psia), larch wood had a
higher porosity (70.18%) owing to its more abundant pores (Zhao et al. 2021). Moreo-
ver, the porosity determined with MIP was slightly lower than the overall porosity (P)
in Fig. 2a. It is reasonable because MIP porosity only accounted for the percentage of
open pores that mercury accessed. In addition, according to the extended explanation
of threshold pressure from Hu et al. (2017b), each change in threshold pressure is an
indicator of mercury entering a different pore size. In the incremental mercury intru-
sion curves, each sample showed several changes (inflection point), demonstrating that
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bamboo, whichever radial part, was endowed with a complex and similar hierarchical
porous structure. The hysteresis between mercury intrusion and extrusion curves can
also be applied to assess the degree of complexity in sample pores (Giesche 2006). A
larger hysteresis (the ratio of mercury extrusion to intrusion) implies a higher degree of
complexity.

To characterize the overall pore size distribution, pore sizes based on peak pore size
and distribution range were calculated from the differential pore size distribution dia-
gram (Fig. 5d). Clearly, three samples had similar curves and exhibited unimodal dis-
tributions, being different from most wood samples with bimodal distributions (Zhao
et al. 2021). The apertures ranging between 5 and 100 nm were the majority, which
might correspond to microvoids/plasmodesmata in pit membranes or cell wall capillar-
ies. Liu et al. (2021) reported that pit membranes feature plasmodesma with a diameter
of 40~100 nm, allowing direct flow of molecules between adjacent cells. The outer
sample possessed the most available aperture at 21.1 nm, and the value increased to
26.3 and 32.4 nm for middle and inner samples. The corresponding mercury intake
of middle sample was larger than that of inner and outer samples. The middle sample
exhibited the most abundant macropores ranging from 100 to 1330 nm that might stem
from the intrinsic pits and tiny voids. According to the previous literature (Liu et al.
2019), moso bamboo vessels had 0.9~2.7 pm wide pit apertures and fibers exhibited
smaller pit apertures, accompanied by narrow pit canals.

Though there is a small amount of pores distributed in 1.3~10 pm, an increased
quantity of pores with sizes bigger than 10 pm was observed, especially in middle part
of bamboo. These pores included various cell lumens as well as some smaller cell open-
ings. According to the calculated diameters of cell lumens in Fig. 3, the pores around
33 pm mostly originated from parenchyma lumens and the pores around 90 pm were
mainly from metaxylem vessels of bamboo. These measured pore sizes were slightly
smaller than the corresponding real values, which is a consequence of the limitation
of ink-bottle effect (Webb and Orr 1997). Usually, cell lumens would only get filled
with mercury at the Kelvin—Laplace intrusion pressure of the pits and microvoids (Li
et al. 2015; Vitas et al. 2019), leading to an overestimation of the volume of small pores
(i.e., pits and microvoids) and an underestimation of the proportion of larger pores (i.e.,
cell lumens) (Chen 2012). From the log differential intrusion curves, three distinct
pore groupings were clearly observed, namely, pore sizes of 1000~10, 10~0.1 and
100~5 nm. The relative pore volumes (%) are given in Table 1, which exhibited dif-
ferent proportions among three radial samples. Obviously, the mesopores (5~50 nm)
accounted for more than one-half and no micropores (<2 nm) can be observed by
MIP. The outer sample showed the higher proportion of mesopores than the other two
samples, but its surface area (85.3 m*g) and pore volume (0.57 mL/g) were clearly
smaller than the middle (88.2 m%/g and 1.37 mL/g) and the inner samples (86.2 m%/g
and 1.28 mL/g).

Nitrogen adsorption analysis

In Fig. 6a, the N, adsorption—desorption isotherms of outer, middle and inner part
of bamboo were almost irreversible and could be classified into type II and type IV
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with H3 hysteresis loop, according to the international union of pure and applied
chemistry (IUPAC) classification system (Thommes et al. 2015). At relatively low
pressure (<0.1), the quantity of absorbed N, of three samples was close to 0, indi-
cating that the micropores of bamboo were rather poor. With incrementing pressure
(0.1 <P/Py<0.8), the isotherm curves showed a linear and slow climb without a dis-
tinct inflection point, compared to type II isotherm, which implied the main exist-
ence of single-layer adsorption (Kuila and Prasad 2013). With further increase in
pressure (0.8 <P/Py,<1.0), the adsorption isotherms rose rapidly, which indicated
the occurrence of multilayer adsorption and corresponded primarily to the filling of
mesopores and macropores (Wang et al. 2019). When the relative pressure was close
to 1, the adsorption isotherms were still climbing without a platform, suggesting
that the adsorption was not saturated and there is a certain amount of macropores.
The desorption branches were irreversible and showed steep decline at the relative
pressure larger than 0.5. All desorption isotherms were almost coincident with the
adsorption isotherms, meaning the small and similar hysteresis loop.

Type H3 hysteresis loop indicates the presence of layered slit pores with a rel-
atively broad size distribution extending to the macropore domain. As shown in
Fig. 6b, the pore size distributions of three radial samples were illustrated based
on Barrett-Joyner-Halenda (BJH) method (Galarneau et al.1999) and adsorp-
tion branches. Majority of the accessible pores exhibited diameters between 3 and
200 nm with several peaks in the pore size distribution curves. Specifically, the outer
sample presented a larger peak at 3.3 nm than middle and inner samples, whereas
the middle sample showed peak values at both 86 nm and 242 nm, and the inner
part had a peak value at 5.6 nm. The BET specific surface areas of moso bamboo
are 0.365-0.465 m*/g, smaller than that of Chinese fir (0.787-2.088 m?/g) (Yin et al.
2015). The tiny surface areas obtained by N, adsorption method are below the val-
ues from MIP method (Table 1), which is consistent with the report from Plotze and
Niemz (2011). Except for the overestimated area from MIP micropores, the small
area from N, absorption might be related to the small quantity of nanopores, such as
pits, microvoids and cell wall capillaries, due to the multilayer cell wall of both fiber
and parenchyma (Hu et al. 2017a; Lian et al. 2020b; Liu et al. 2021). In addition,
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the oven-dried bamboo samples may yield small specific surface area, according to
the comparative mesoporous structure of air-dried and never-dried wood pulp by
Kimura et al. (2016).

Conclusion

In this study, pore information including porosity, volume, surface area, pore shape
and pore size distribution of moso bamboo was systematically investigated by SEM
image analysis, MIP and N, adsorption. The radial heterogeneity of the pore struc-
ture was also studied. It was indicated that bamboo porosity (48 ~70%) was in a
quadratic polynomial relation to its radial position, and parenchyma tissue showed
higher porosity (71%) compared to vascular bundles (50.5~20.3%). Bamboo sam-
ples exhibited a mixed sorption isotherm of type II and type IV and H3-type hyster-
esis loops, confirming the presence of slit-shaped meso- and macropores. According
to the mercury intrusion curves and distributions of pore aperture, the mesopores
accounted for 54.5~62.4% and the pore volumes were 0.57 ~1.37 mL/g. Different
radial samples demonstrate similar pore size distributions but variable volumes and
surface areas. In the outer part of bamboo, these values are smaller than in the mid-
dle and inner samples, revealing a more compact structure. The results could con-
tribute to the explanation of poor impregnation of bamboo, especially at the outer
part, and provide reference for subsequent processing or the development of value-
added bamboo products.
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