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ABSTRACT

Bamboo is a functionally graded material with natural hygroscopicity, and the study of the
response of its cell structure to humidity will help expand its use in textiles and engi-
neering structures. For this purpose, in this study, the hygroscopicity of moso bamboo
(Phyllostachys edulis) with a gradient fiber structure was assessed by a dynamic vapor
sorption (DVS) apparatus and fitted with a Haillwood—Horrobin (H—H) model. The effects of
the chemical composition, gradient fiber structure, and mesopore structure of the bamboo
were also investigated. The results demonstrate that the hygroscopicity of bamboo grad-
ually increases from the outer to the inner layer along the thickness of the culm wall,
which is related to the gradient distribution of the fibers. Based on the H-H model, the
hygroscopic mechanism of bamboo was determined as follows. The primary sites derived
from amorphous cellulose and hemicellulose act in the low-humidity stage, while the
mesopores provide a huge specific surface area (153—132 m?%g), which helps condense
water vapor in high-humidity environments. Based on numerical modeling, the hygro-
scopic ratio of parenchyma cells and fibers was found to be 13:5, indicating that paren-
chyma cells contribute more to the overall hygroscopicity of moso bamboo. Moreover, the
contribution of cellulose to hygroscopicity was found to become gradually higher than that
of hemicellulose from the inner to the outer layer due to the increase of the amorphous
area (—OH groups). The structure—function relationships between the chemical composi-
tion, multi-scale structure, and hygroscopicity identified in this study provide a theoretical
basis for bamboo drying and storage technology, as well as the processing and application
of bamboo fiber-based composites.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Bamboo is a large collection of herbaceous species with
lignified stems. Due to its rich sources, excellent mechanical
performance, and suitable colors, bamboo has been widely
used in decorative, construction, and engineering applications
[1-3]. When applied in various dynamic environments,
bamboo regulates the humidity comfort by allowing sorption
from indoor air [4]. As the equilibrium moisture content (EMC)
increases, bamboo also exhibits certain properties of deteri-
oration, such as dimensional instability, biodegradation, and
decreased strength [5]. This greatly limits the application of
bamboo, especially in hot and humid environments. Conse-
quently, it is important to thoroughly study the hygroscopic
response of bamboo to understand the conflict between its
performance and environmental humidity regulation.

The hygroscopicity of bamboo is primarily influenced by its
chemical composition, cell structure, and cell distribution
[6—8]. The chemical composition and morphological structure
of bamboo cells vary with the bamboo species, age, and
location (e.g., stalks and roots), which result in different hy-
groscopicity [4,9]. Chen et al. [10] found that the inner layer of
bamboo exhibits the highest EMC due to its high concentra-
tion of parenchyma cells. As an optimized functionally graded
material (FGM), derived from varying distributions of the fi-
bers and parenchyma cells in the bamboo culm along the
radial direction, the gradient distribution of fibers enhances
the mechanical properties of bamboo (e.g., less stress con-
centration and increased bonding strength) [7]. However, the
effect of the hygroscopicity of bamboo with a gradient fiber
structure on its mechanical properties is not deeply under-
stood, and the contributions of parenchyma cells and fibers to
the overall hygroscopicity of the bamboo have not been
quantitatively investigated.

The pore structure in the bamboo cell walls is also one of
the main factors affecting the hygroscopicity of bamboo,
including its porosity and inner surface area. Krause et al. [11]
found that bamboo has considerable multi-scale pores, pri-
marily vessels, pores, and lumina, with a porosity of 27%—40%
from the inner to the outer layers of the bamboo culm. Zhang
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Bamboo slices

et al. [12] demonstrated that the hygroscopicity of fibers is
lower than that of parenchyma cells at the same relative hu-
midity, which is associated with the larger cell cavities and
specific surface of parenchyma cells. When water molecules
are adsorbed on the surface of bamboo cell walls, they pene-
trate the inner surface as well as the pores, and even the
molecular chains within the cell walls. Water penetration will
specially occur within mesopores, which can help to generate
capillary condensate to increase the amount of water content
in high-humidity environments. This is similar to other
lignocellulosic materials [13] and inorganic porous shale [14].
Therefore, the study of the mesopore structure in bamboo is of
great significance for the understanding of the water molecule
sorption in bamboo cell walls.

This work aims to reveal the hygroscopic response of
moso bamboo (Phyllostachys edulis) with a gradient fiber
structure via the use of results from the dynamic vapor
sorption (DVS) technique fitted with a Haillwood—Horrobin
(H-H) model. By analyzing the response, the effects of the
chemical composition, gradient fiber structure, and meso-
pore structure are observed. The structure—function re-
lationships between the chemical composition, multi-scale
structure, and hygroscopicity generated in this study provide
a theoretical basis for bamboo drying and storage technology,
as well as the processing and application of bamboo fiber-
based composites.

2. Materials and methods
2.1. Sample preparation

A four-year-old mature moso bamboo was collected from a
bamboo plantation located in Fujian Province, China, and was
selected as the raw material for use in this study. The bamboo
culm (collected from 2 m above the ground to ensure stable
physical and chemical performance) was processed into
bamboo blocks (10 x 10 x 10 mm?®) by removing the innermost
and outermost layers (Fig. 1), and then was divided into 3
slices from the inner (IB), middle (MB), and outer (OB) bamboo
layers along the thickness of the culm.
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Fig. 1 — Bamboo samples preparation for dynamic water vapor sorption test, chemical compositions analysis and SEM

observation.
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2.2. Dynamic water vapor sorption (DVS) test

The water vapor sorption behavior of all samples was tested
using a DVS Adventure analyzer (Surface Measurement Sys-
tems, UK) (Fig. 1). About 10 mg of samples were placed on a
microbalance with a mass resolution of 0.1 pg in a sample
chamber after being dried at 103 °C. The DVS test was carried
out at a constant temperature of 25 + 0.1 °C while increasing
the relative humidity (RH) from 0% to 95% at increments of
10%, and then decreasing the RH back to 0% at the same rate.

2.3. Sorption models

The well-documented studies on the water vapor adsorption of
organic or inorganic porous materials can be broadly divided
into two categories [15,16], namely those considering mono-
layer adsorption theory based on the Langmuir model and
multilayer adsorption based on the Brunauer—Emmett—Teller
(BET) model. Following the multilayer theory, the
Haillwood—Horrobin (H—H) model [17] is applied to depict the
multilayer adsorption behavior of water vapor on plant fiber
materials and fiber-based composites [4,18—22]. Bamboo is a
typical lignocellulosic material with multi-scale pores. The
total adsorption capacity of the surfaces of the hydrophilic
pores on bamboo changes with the environmental humidity,
and can be fitted to the H—H model as follows:

EMC = Mo + Mu = 1800/ W*K;K,RH/(100 + K; K,RH)
+ 1800/ W*K,RH/(100 — K,RH) 1)

where EMC (%) is the EMC of bamboo at a certain environ-
mental RH (%), Mo (%) is the monolayer adsorbed water con-
tent, Mu (%) is the multilayer adsorbed water content, W (g/
mol) is the molecular weight of the cell wall polymer per
adsorption site, which is determined numerically, and K; and
K,, are equilibrium constants related to adsorption.

Considering the gradient behavior of the hygroscopicity of
bamboo caused by the gradient distribution of fibers and pa-
renchyma cells, a numerical model is introduced to take into
account the respective adsorption capacities of fibers and
parenchyma cells [3]:
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)
where EMCmax (%) is the EMC at 95% RH of the bamboo layer
with fiber volume fraction Vi, EMCf and EMC, (%) are the
adsorption capacities of fibers and parenchyma cells, respec-
tively, and Ar and A, (%) are the adsorption capacities per
gram of fibers and parenchyma cells, respectively.

2.4. SEM observation

The bamboo samples were cut along the transverse and lon-
gitudinal directions, coated with a thin layer of platinum, and
then observed by a field emission scanning electron micro-
scope (FE-SEM, XL30, FEI, USA) at 7.0 kV.

2.5. Chemical composition analysis

The samples were milled into fine powders separated by a 60-
mesh sieve, and were then dried at 103 °C until they reached a
constant weight (Fig. 1). All samples were subjected to phenyl
alcohol extraction (1/2, v/v) in a Soxhlet apparatus for 6 h. In
accordance with Dixon et al. [23], the extracted samples were
used to determine the holocellulose content by removing
lignin with sodium chlorite solution (NaClO,, 17.5t% w/w), and
hemicellulose (polypentose) was obtained by washing it with
sodium hydroxide solution (NaOH, 10% w/w). The acid-
insoluble (Klason) lignin was obtained according to the
ASTM D1106-1996 standard (2013) [24].

3. Results and discussion
3.1 Dynamic hygroscopic behavior

The changes in the EMC of the IB, MB, and OB samples at
different RH were plotted, as presented in Fig. 2A. For all
curves, the increasing (adsorption) and decreasing (desorp-
tion) sections formed a closed double “S,” which reflects a
typical type II isotherm according to Brunauer et al. [16]. In
general, each adsorption isotherm can be divided into 3
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Fig. 2 — The hygroscopic behavior at 25 °C of bamboo with its gradient fibbers structure. A. The equilibrium moisture
content (EMC) and B. hysteresis of the inner, middle and outer bamboos (IB, MB, and OB) plotted as a function of

environmental RH.
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Table 1 — Fitting parameters obtained from the H—H model for the IB, MB, and OB.

Adsorption Desorption
1/W (x10*mol/g) K, K, R* Momax (%) Mumax (%) EMCmax (%) S(m%g) W (g/mol) K, K, R?
1B 2.91 6.27 0.79 0.9995 4.32 16.06 20.38 153 197 5.29 0.63 0.9988
MB 2.75 582 0.79 0.9985 4.03 15.16 19.20 143 149 3.48 0.52 0.9997
OB 2.51 6.23 0.80 0.9992 3.74 14.68 18.42 132 131 3.10 0.46 0.9994

stages. In the low-RH range (<20%) the EMC increased rapidly.
With the increase of RH, the slope of the isotherms slowed
down. When the RH was greater than 80%, the EMC increased
sharply to the maximum value. As a result, the EMC of the IB
reached a maximum value of 20.38% at an RH of 95% or higher,
and was higher than those of the MB and OB samples; this is
related to the gradient fiber structure of bamboo from the
inner to the outer layer of the culm.

Hysteresis, which is defined as the difference in EMC be-
tween desorption and adsorption at the same RH, can be used
to describe the incomplete reversibility of sorption when
water molecules enter and exit the cell wall matrix in plant
fibers [21]. All bamboo samples exhibited the hysteresis phe-
nomenon throughout the entire investigated RH range, and
the hysteresis curves reached peaks values at RH = 70% before
they began to fall (Fig. 2B). The hysteresis in the OB sample
was higher than that in the MB and IB samples, which is due to
the high fiber content in the OB.

3.2 Fitting model and hygroscopic mechanism

The experimental sorption data of the IB, MB, and OB samples
were fitted to an H—H model (Eq. (1)) with an RH range from 0%
to 95%. The fitting parameters in the theoretical model (i.e., 1/
W, K4, and K,) revealed high fitting accuracy (R? > 0.998) for all
samples, which indicates that the H—H model can describe
the experimental sorption data (Table 1). By introducing the
parameters K; and K, into the H—H model, the typical fitting
curves of the EMC, monolayer (Mo), and multilayer (Mu)
adsorption isotherms as a function of RH were obtained, as
exhibited in Fig. 3A. In the low-RH range (0 < RH < 20%), the
fitting curve increased sharply due to the monolayer on the
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primary active sites. As the RH increased, the multilayer
absorbed on secondary sites by H-bonds and van der Waals
forces began to dominate the adsorption process by forming a
large number of water clusters, which resulted in the rise of
the curve, especially when RH > 60% (Fig. 3B). The primary and
secondary adsorption sites had different contribution rates in
environments with different humidity.

The adsorption sites were found to be related to the con-
tent of hygroscopic chemical components. The main hygro-
scopic chemical components in bamboo include cellulose,
hemicellulose, and lignin, and the compositions of these
components differ between the IB, MB, and OB layers (Fig. 4).
Among these components, hemicellulose is generally
considered to be more hygroscopic than cellulose and lignin at
the same weight, as the main chain and side chains of the full
amorphous structure contain large numbers of hydrophilic
groups (—OH, C=O0) [4]. However, the cellulose content of
bamboo (43.84—46.63%) is much higher than the hemicellu-
lose content (18.95—-21.82%). It is conceivable that the contri-
butions of cellulose and hemicellulose to the total
hygroscopicity of bamboo should be judged based on the
contents of amorphous cellulose and hemicellulose, as water
cannot enter the cellulose crystal area. Zhang et al. [25]
determined the crystallinity of bamboo cellulose nanofibrils
(CNFs) to be 43.6%, i.e., the ratio of crystal and amorphous
areas in the cellulose is about 1:1. For the IB layer, the content
of amorphous cellulose (21.92%) was found to be close to that
of hemicellulose (21.28%), which implies that the two make
approximately equivalent contributions to hygroscopicity
[26]. For the OB layer, the contribution of amorphous cellulose
(23.31%) was found to be greater than that of hemicellulose
(18.95%).
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Fig. 3 — The hygroscopic mechanism of bamboo from the H—H model. A. The equilibrium moisture content (EMC),
monolayer (Mo) and multilayer (Mu) adsorption curves at 25 °C as a function of RH. B. The schematic diagram of hygroscopic

mechanism of bamboo with a gradient fiber structure.
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3.3. Gradient fiber structure

The hygroscopic behavior exhibited by the bamboo, especially
the EMCmax value at 95% RH from the IB to the OB layer, can be
primarily attributed to the gradient distribution of fibers and
parenchyma cells (Fig. 5A). It is already known that, compared
to fibers (10%) [10], parenchyma cells have a significantly
higher EMC (20%) [12], and any variation in their volume frac-
tions can affect the overall hygroscopicity of bamboo.

By fitting Eq. (2) to the test values of EMCmax derived for
the IB, MB, and OB layers, it was found that the EMCmax and
fiber volume fraction (Vg exhibited a steep linear inverse
relationship with a strong correlation (R* = 0.8448) (Fig. 5B).
The theoretical EMCmax values of parenchyma cells and fi-
bers were determined to be 20.1% and 12.9%, respectively. The
contribution ratio of parenchyma cells to fibers (Aj:Af) was
determined to be about 13:5 from the bamboo slices, which
was higher than the test results (about 6:5) of powder sepa-
rated by hand [12]. It has been proven that a large sample size
affects the rate and capacity of moisture adsorption, and de-
lays the diffusion of adsorbed water to the internal fiber cells
[27], which ultimately causes differences between bamboo
slices and powder.

Gradient fiber structure

Based on the hygroscopic behavior and mechanism of
bamboo with a gradient fiber structure, bamboo strips
sampled from different parts along the thickness of the culm
should be dried and stored at different temperatures and
humidity conditions because the inner layer more easily ad-
sorbs and desorbs moisture. In addition, in the processing of a
new type of bamboo fiber-based composite material, namely
reconstituted bamboo, the raw material fiber bundles with
low moisture adsorption are obtained via a rolling and
brooming process by removing most of the highly hygroscopic
parenchyma cells in the bamboo strips, which helps to in-
crease the bond strength of the fiber/resin interface.

3.4. Mesopore structures

The multi-scale pore structure of bamboo can be classified as
cell pores, cell wall pores, and intermolecular chain pores
within cell walls (Fig. 6). Macropores refer to various types of
tubular pores in bamboo cells with diameters greater than
50 nm or even tens of micrometers, and include intercellular
pores (cells corners) or canals, cell (fibers, parenchyma cells,
and vessels) cavity pores, and pits (Fig. 6A—D) [28,29]. Meso-
pores refer to slit-like pores in the cell walls, such as micro-
fibril gaps in the dry or wet state, which are mainly due to the
formation of cellulose microfibrils filled with lignin and
hemicellulose (Fig. 6E) [30]. Furthermore, the gaps between the
cellulose intermolecular chains within cell walls refer to mi-
cropores, which are smaller than 2 nm in the Meyer—Misch
models (Fig. 6F).

These multi-scale pores provide a large surface space
available for secondary reaction sites for water molecules.
Among these pores, mesopores can condense water mole-
cules adsorbed on the sites via capillary force in a high-RH
environment, so their structures were further analyzed.
Assuming that monolayer water molecules were fully adsor-
bed on the primary active sites of the bamboo surface, ac-
cording to the H—H model, the specific surface area (S) of
mesopores was calculated as follows [31]:

S=N*A,Mo/M 3)

where Mo is the monolayer adsorption water at 100% RH (here,
Momax was adopted), N is Avogadro's number, A, is the
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Fig. 5 — The A. gradient fiber structure of bamboo creating a variable hygroscopicity (EMCmax at 25 °C) from the inner to

outer layer fitted by B. a numerical model.


https://doi.org/10.1016/j.jmrt.2021.10.038
https://doi.org/10.1016/j.jmrt.2021.10.038

4314

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;15:4309—-4316

Longitudinal 82

% [ SRR, &

\

—

C_e[_ls Corner

Parenchyma cells

)

i Adjacent cells

1

1

A
]

1

]

] >
A

]

1

ﬁPit structure mgﬁggﬂ% )

Fig. 6 — Pore structures in bamboo at multi-scale level. A. Schematic diagram of bamboo cells types, including fibers,
parenchyma cells, and vessels (macropores); B. Cavities and pits in fibers; C. Cavities, pits and cell corner in parenchyma
cells; D. pits in vessels and pores in perforated plate; E. The gap of microfibrils in the pit membrane (mesopores); F. the voids

(1~0.1 nm) between cellulose chains (micropores).

average area of monolayer water molecules covering the
bamboo surface (0.106 nm? was used) [32], and M (g/mol) is the
molar mass of water.

The S values of the IB, MB, and OB layers were estimated to
be 153, 143, and 132 m%g, respectively (Table 1); these values
were consistent with the average value of 14 bamboo species
(177 m?%/g) [12]. This indicates that the multi-scale structure of
the bamboo itself can provide a natural channel for the
preparation of charcoal, aerogel materials, and even solar
energy-generating devices [33—36] via thermal or chemical
activation.

4. Summary and conclusion

In this study, the hygroscopic behavior of bamboo with a
gradient fiber structure was investigated via water vapor
sorption isotherms fitted by the Haillwood—Horrobin (H—H)
model. The effects of the chemical composition, gradient fiber
structure, and mesopore structure were investigated. The
main findings are summarized as follows.

(1) The bamboo was found to exhibit an increased equi-
librium moisture content (EMC) and decreased hygro-
scopic hysteresis from the inner to the outer layer,
which results from the gradient distribution of fibers
and parenchyma cells along the thickness of the culm
wall;

(2) Based on the H—H model, the hygroscopic mechanism
of bamboo was determined as follows. The primary
sites derived from amorphous cellulose and hemicel-
lulose act in the low-humidity stage, while the meso-
pore provides a huge specific surface area, which helps
condense water vapor in high-humidity environments.

(3) Based on the gradient fiber structure of bamboo and a
numerical model, the contribution ratio of parenchyma
cells and fibers to the overall hygroscopicity of bamboo
was determined to be 13:5.

(4) The contribution of cellulose to hygroscopicity was
found to become gradually higher than that of hemi-
cellulose from the inner to the outer layer due to the
increase of the amorphous area (—OH groups).

The structure—function relationships between the chemi-
cal composition, multi-scale structure, and hygroscopicity of
bamboo determined in this study provide a theoretical basis
for the bamboo drying and storage technology, as well as the
processing and application of bamboo fiber-based composites.
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