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ABSTRACT

Studying the hygroscopic behavior of bamboo is important for industrial

applications because it influences the dimensional stability and mechanical

properties of the final bamboo products. In this study, the water vapor sorption

behavior of 14 bamboo species was investigated using a dynamic vapor sorption

apparatus and the results were analyzed using the Guggenheim–Anderson–de

Boer (GAB) and Hailwood–Horrobin (H–H) models. The different bamboo

species exhibited varying sorption isotherms and degrees of hysteresis. The

reasons for this may be related to the different sorption isotherms of the two

main cell units of bamboo, namely the fiber and parenchyma cells, and the

chemical composition of bamboo. The GAB and H–H models provided good fits

to the experimental data and meaningful physical parameters regarding the

monolayer capacity, especially the water accessible specific surface area can be

obtained from the GAB parameters. The fiber saturation point values were also

determined using the GAB and H–H models, which ranged from 16.37 to

27.91% for the different bamboo species.

Introduction

Bamboo is a grass that is abundant in tropical, sub-

tropical and mild temperate regions and is one of the

fastest growing plants on earth [1, 2]. Considering its

rapid growth rate, low cost, high strength and stiff-

ness, bamboo has been widely used in a variety of

applications such as house construction, furniture,

handicrafts and paper production, demonstrating its

potential as a sustainable wood substitute [3, 4]. As a

natural and heterogeneous material (like wood),

bamboo exhibits certain deleterious properties when

subject to varying moisture levels, such as dimen-

sional instability, mold growth, fungal decay and loss

of strength [5, 6]. Consequently, it is important to

understand the hygroscopic response of bamboo to

its surrounding environment, in order to develop

optimal drying processes and safe storage in varying

conditions [7].

A sorption isotherm is often used to describe the

relationship between the equilibrium moisture states

of bamboo and its surrounding environment at
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constant temperature and relative humidity (RH),

and this includes the adsorption isotherm measured

from an initial dry condition and the desorption one

measured from an initially water-saturated condition

[8, 9]. Although the water vapor sorption behavior of

wood or chemically modified wood has been well

documented, the investigations on bamboo were very

limited [10, 11]. Therefore, there is a need to build

knowledge on bamboo’s water vapor sorption

behavior to support and improve the processing and

manufacturing of bamboo products.

The purpose of this study is to establish a statisti-

cally significant water vapor sorption database of

bamboo species, as there are few studies in the lit-

erature that contains data for a wide range of bamboo

species in one given study. Such information would

be particularly useful in predicting the properties of

bamboo in service and for modeling and optimizing

the drying process. In this study, a dynamic vapor

sorption (DVS) apparatus was used instead of satu-

rated salt solutions as the former is more capable of

providing highly reproducible data over a wide RH

range [12].

Materials and methods

Sample preparations

Fourteen two-to-three-year bamboo species (Table 1)

were obtained from the Hua’an arboretum in Fujian

Province, China, for this study. All bamboo culms

were selected randomly. Small bamboo blocks were

cut from the middle portion of the culm with a

dimensions of 10 9 20 9 T mm (tangential 9 longi-

tudinal 9 culm wall thickness) (Fig. 1a), and their

waxy epidermises and pith rings were remained in

order to gain the comprehensive hygroscopic

behavior of raw bamboo samples. To limit bamboo

variability caused by the hierarchical architecture

with vascular bundles non-uniformly distributed

along the radial direction (taking M species as an

example, see Fig. 1a), small bamboo block (around

10 mg) containing the whole radial structure was cut

from bamboo block of the same type, with a final

dimensions of 3 9 1 9 T mm (tangential 9 longitu-

dinal 9 culm wall thickness, Fig. 1b).

Dynamic water vapor sorption

The water vapor sorption behavior of the bamboo

samples was determined using a dynamic vapor

sorption apparatus (DVS Intrinsic, Surface Measure-

ment Systems Ltd., UK). The samples were placed on

a holder connected to a microbalance (± 0.1 lg)
using hanging wires, and this was located in a ther-

mostatically controlled chamber where a constant

flow of dry nitrogen gas into which another flow of

nitrogen containing a preset amount of water vapor

was mixed to maintain a given RH [5]. The mea-

surements were taken at a constant temperature of

25 ± 0.1 �C for approximately 3 days, starting at 0%

RH and increasing in increments of 10% RH up to

98% RH, then decreasing back to 0% RH also in 10%

RH decrements. Samples were then maintained at a

constant RH, until the weight change was less than

Table 1 List of bamboo

samples Latin name Age (year) Notations

Phyllostachys edulis (Carr.) H. De Lehaie 3 M

Phyllostachys heteroclada Oliver 3 S

Bambusa longispiculata Gamble 3 HM

Bambusa sinospinosa McClure 3 CT

Bambusa chungii McClure 3 FD

Bambusa rigida Keng et Keng f. 3 YT

Bambusa eutuldoides McClure var. viridi-vittata (W. T. Lin) Chia 3 QS

Bambusa emeiensis L. C. Chia 3 C

Bambusa multiplex (Lour.) Raeuschel cv. Silverstripe R. A. Young 3 CL

Dendrocalamus latiflorus Munro 2 Ma

Dendrocalamus giganteus Munro 3 L

Dendrocalamopsis vario-striata (W. T. Lin) Keng f. 3 DS

Dendrocalamopsis oldhami (Munro) Keng f. 2 LV

Sinocalmus affinis (Rendle) Mcclure 3 LS
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0.002% per 10 min. Data on weight change were

acquired every 20 s. As the DVS technique has been

reported to yield highly reproducible data [13], in this

study only one measurement is reported for each

bamboo species.

Sorption models

Several mathematical models have been developed to

describe the water vapor sorption isotherms of

hygroscopic materials [14]. The experimental sorp-

tion data of 14 bamboo species were fitted with two

multilayer sorption models most frequently used for

hygroscopic materials, namely the GAB and H–H

models (Table 2). The GAB and H–H models repre-

sent two different theoretical concepts: the multi-

molecular layer formation and water–polymer ideal

solution assumption [11, 15]. The Origin 8.0 software

(OriginLab Corporation, Northampton, MA, USA)

was used for obtaining the parameters of the models.

In addition, the fiber saturation point (FSP) values of

the 14 bamboo species were calculated using the two

isotherm models.

SEM observation

Sections of samples along the transverse and longi-

tudinal directions were cut with blades and mounted

on a sample holder with carbon conductive tape and

then coated with a thin layer of platinum using a

sputter coater (Leica EMSCD050). The morphology of

samples was observed under a Field Emission Scan-

ning Electron Microscope (FE-SEM, XL30, FEI, USA)

operating at 7.0 kV.

Results and discussion

Adsorption and desorption isotherms

The water vapor adsorption and desorption iso-

therms of the 14 bamboo species are reported as the

EMC against RH, presented in Fig. 2. All of the iso-

therms exhibited a sigmoidal shape typical of bam-

boo [10] and can be classified as type II according to

the classification scheme of Brunauer et al. [16]. The

adsorption isotherms of all bamboo species exhibited

an upward bend at around 60–70% RH, whereas

desorption isotherms were more linear at similar RH

levels. Similar results were also reported in other

studies on lignocellulosic materials [17, 18]. However,

there were differences in the EMC values of the

various bamboo species at certain RH levels, espe-

cially above 75% RH. At the highest RH (98%), Ma

species reached an EMC of 14.81%, whereas the EMC

of L species (belong to the same genus as Ma species)

reached as high as 24.98%.

In addition to the difference in EMC values, there

were also differences in the degree of hysteresis.

Absolute hysteresis (obtained by subtracting the

EMC of adsorption from the EMC of desorption

isotherm at constant RH) and the hysteresis coeffi-

cient (a ratio of the EMC for adsorption to EMC for

desorption at constant RH) are two common means

to characterize sorption hysteresis [11, 13]. The

changes in the absolute hysteresis and hysteresis

coefficient are shown in Fig. 3. As shown in Fig. 3a,

all bamboo species exhibited the hysteresis phe-

nomenon over the entire RH region, but the degree of

hysteresis varied. Hysteresis for all bamboo species

increased first and then decreased with increasing

(a)

(b)

Figure 1 Bamboo samples (M species as an example) used in the

experiment.
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RH, but the highest hysteresis values varied from

2.65 to 4.42% at 50–80% RH, depending on the spe-

cies. The variation in the change in the hysteresis

coefficient was remarkable (range 0.53–0.96) for the

different bamboo species (Fig. 3b).

The water sorption and extent of hysteresis may be

influenced by the structure and chemical composition

of bamboo. On the one hand, the fine structure of

different cell walls types plays a role in the hygro-

scopic behavior of bamboo [10]. Bamboo can be

considered as a 2-phase composites consisting of

fibers that are almost completely solid with insignif-

icant lumen (Fig. 4c) embedded in parenchyma cells

that are thin-walled and have large lumens (Fig. 4d)

[19]. Adsorption/desorption isotherms and the

hysteresis for the fiber and parenchyma cells of

M species are shown in Fig. 5, where it can be clearly

seen that the parenchyma cells exhibited higher EMC

values but lower hysteresis capacity at higher RH,

indicating a difference in hygroscopic capacity from

bamboo fibers. The reason for this may be related to

the vast differences in the geometry of the cell walls

as shown in Fig. 4. Therefore, the water vapor

adsorption behavior of bamboo rested on the prop-

erties of the fibers and parenchyma cells and on the

distribution of fibers.

On the other hand, hygroscopic behavior has also

shown to differ in the main components of the cell

wall, as hemicelluloses provide the highest number

of OH groups available for water sorption, followed

by cellulose and lignin [20]. Differences in the

Table 2 Sorption isotherm

models for fitting experimental

data

Models names Models equations

GAB model EMC ¼ 100�Xm�C�K�RH
ð100�K�RHÞ�ð100þðC�1Þ�K�RHÞ

H–H model EMC ¼ Mh þMs ¼ 1800
W � K1�K2�RH

100þK1�K2 �RH
þ 1800

W � K2 �RH
100�K2�RH

EMC, EMC of bamboo (%); RH, relative humidity (%); Xm, monolayer value (%); Mh, monolayer

moisture content (%); Ms, multilayer moisture content (%); W, molecular weight of the cell wall

polymer per adsorption site, and others are constants of the two models
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Figure 2 EMC values of 14 bamboo species plotted against RH

during adsorption (a) and desorption (b).
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Figure 3 Hysteresis (a) and hysteresis coefficient (b) of 14

bamboo species.

8244 J Mater Sci (2018) 53:8241–8249



contents of these components clearly have an effect

on the water vapor sorption across bamboo species.

Therefore, the variation in water sorption behavior of

different bamboo species seems to be a very complex

phenomenon and a more detailed study should be

conducted to explain the difference in the water

sorption behavior of different bamboo species.

Fitting the GAB model to the data

The results of fitting the GAB model to the data of the

14 bamboo species are presented in Table 3. The fits

were considered to be valid as all the R2 values above

99.0% [21]. GAB parameters can be used to compare

the hygroscopic properties of different bamboo spe-

cies. Among them, the Xm (GAB) obtained from the

adsorption branch refers to the moisture content

when the monolayer is full and can be used to esti-

mate the internal specific surface area corresponding

to the monolayer capacity. The internal specific sur-

face area (SGAB) is defined as

SGAB ¼ Xm � q � L � r
M

ð1Þ

where q is water density, L is the Avogadro number,

r is the average area where water occupies the

complete monolayer (0.114 nm2 was used in this

study), and M is the molar mass of water [22].

The obtained Xm value ranged from 3.26% for Ma

species to 5.27% for HM species, and the corre-

sponding SGAB increased from 124 to 201 m2/g,

which represented the lowest and the highest

monolayer capacity. This is due to their differences in

cell wall ultrastructure and chemical composition, as

mentioned above. The C value in the GAB model is

10 μm
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(a)

Parenchyma cells
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50 μm

Parenchyma cells

(d)

10 μm

Figure 4 SEM images of the

transverse section (a) and

longitudinal section of

M species (b), and partial

magnifications of the bamboo

fiber (c) and parenchyma cells

(d).
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Figure 5 Sorption isotherm (a) and hysteresis (b) of the fiber and

parenchyma cells of M species.

J Mater Sci (2018) 53:8241–8249 8245



the total heat of sorption of the monolayer and is

always positive due to the strong exothermic inter-

action between the water vapor and adsorption sites

[21]. Also, the K value is a factor that corrects the

properties of the multilayer molecules with respect to

the bulk liquid, which is unsound when higher than

one as sorption becomes infinite at water activity

values lower than one [23]. Moreover, the value of

K given in Table 3 of ca. 0.8 (range: 0.74–0.83) can be

taken as the characteristic of a non-porous sorbent

[24].

The hygroscopic difference between bamboo and

wood species was further compared. Here, the aver-

age GAB constants with corresponding uncertainties

were obtained by fitting the entire sets of adsorption

data to all 14 bamboo species. The average GAB

constants of 21 wood species were also obtained by

Bratasz et al. [22]. The average GAB constants of

bamboo and wood species are given in Table 3, and

the two general isotherms are shown in Fig. 6. It can

be clearly observed that bamboo generally exhibits

less hygroscopicity than wood during the both

adsorption and desorption process.

Fitting data to the H–H model

The results of fitting experimental data to the H–H

model are shown in Table 4. Like the GAB model, the

H–H model also demonstrated satisfactory fitting to

the experimental data (R2 C 99%). The W value rep-

resents the apparent molecular mass of the dry

bamboo per sorption, and K1 and K2 are equilibrium

constants related to the formation of hydrates from

dissolved water and the dry bamboo material, and

the formation between dissolved water and external

water vapor [18]. The value of W for Ma species

Table 3 Fitted model parameters and specific surface areas for 14 bamboo species obtained from the GAB model

Notations Adsorption Desorption

Xm (%) C K R2 (%) SGAB (m2/g) Xm (%) C K R2 (%)

M 4.26 4.15 0.81 99.716 162 7.78 3.84 0.66 99.917

S 4.86 5.71 0.79 99.778 185 11.01 3.76 0.57 99.757

HM 5.27 2.29 0.74 99.511 201 16.16 2.75 0.39 99.828

CT 4.98 4.23 0.79 99.289 190 9.54 4.03 0.61 99.866

FD 4.57 3.69 0.77 99.481 174 13.62 2.94 0.45 99.820

YT 4.62 3.65 0.78 99.302 176 8.70 4.45 0.59 99.907

QS 4.88 2.89 0.76 99.574 186 17.71 2.21 0.40 99.813

C 4.53 6.36 0.82 99.594 173 8.14 4.11 0.68 99.903

CL 4.42 4.69 0.81 99.326 169 6.65 5.48 0.71 99.930

Ma 3.26 4.96 0.81 99.418 124 14.68 2.61 0.39 99.875

L 5.14 2.72 0.83 99.556 196 6.25 4.10 0.78 99.945

DS 4.61 9.69 0.76 99.610 176 9.73 5.84 0.53 99.843

LV 5.01 8.29 0.79 99.609 191 12.09 4.38 0.53 99.665

LS 4.20 4.70 0.79 99.501 160 8.77 3.55 0.60 99.900

‘Average’ bamboo 4.47 4.70 0.80 95.688 170 9.07 3.91 0.61 96.166

Standard error 0.303 1.0144 0.013 1.041 0.668 0.0329

‘Average’ wood [22] 5.9 8.8 0.74 7.9 9.24 0.69
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Figure 6 Average adsorption and desorption isotherms of wood

and bamboo obtained from the GAB model.
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(552.14) was remarkably higher than that of other

species, indicating that it had less available sites than

others, which agreed with the lower EMC of Ma

species observed in Fig. 2a. The value of K2 ranged

from 0.74 to 0.83 which indicates that the dissolved

water had lower activity than the liquid water, which

was close to the value of K2 (0.72) for wood [25] and a

little higher than the value of K2 (0.619–0.682) for

paper materials [18].

According to the H–H model, the sigmoidal iso-

therms can be divided into monolayer (Mh) and

multilayer (Ms) water, referring, respectively, to

hydrates and dissolved water. As an example, Fig. 7

demonstrates that the fit was generally satisfactory

over the whole RH range for M species. The results

showed that monolayer water increased at the low

RH region, indicating that the water that is directly

bound to active sites is mainly with hydroxyl groups,

and with increasing RH, water preferentially adsorbs

already hydrogen-bonded molecules and forms

clusters to form polylayer water.

Comparison of models

Knowledge of the monolayer moisture content of

lignocellulosic materials is important for industrial

applications, as it corresponds to ensuring the sta-

bility of the material to minimize spoilage [26]. The

comparison between the GAB and H–H models on

determining monolayer moisture content is shown in

Table 5. The results showed that the GAB model

exhibited higher monolayer moisture content than

the H–H model, and this is due to their difference in

mathematical expression and physical concepts on

monolayer sorption. Higher monolayer moisture

contents obtained from GAB model than H–H model

were also reported for paper samples [18].

FSP is defined as the moisture content corre-

sponding to the saturation of the cell wall with no

free water in the cell lumen [27]. Knowledge of the

FSP values of lignocellulosic materials is necessary

because it influences the dimensional changes and

mechanical strength of materials [28]. The EMC

obtained in adsorption isotherms at 100% RH is

considered as the nominal FSP value. In contrast to

the difference in monolayer moisture content, the

nominal FSP value determined from the GAB and H–

H models was the same given that their mathematical

Table 4 Fitted model

parameters for 14 bamboo

species obtained from the H–H

model

Notations Adsorption Desorption

W K1 K2 R2 (%) W K1 K2 R2 (%)

M 423.00 3.15 0.81 99.716 231.38 2.84 0.66 99.917

S 370.24 4.71 0.79 99.778 163.41 2.76 0.57 99.757

HM 341.52 1.29 0.74 99.511 111.37 1.75 0.39 99.828

CT 361.63 3.23 0.79 99.289 188.60 3.03 0.61 99.866

FD 394.14 2.69 0.77 99.481 132.18 1.94 0.45 99.820

YT 389.51 2.64 0.78 99.302 206.78 3.45 0.59 99.907

QS 368.88 1.88 0.76 99.574 101.62 1.21 0.40 99.813

C 397.29 5.35 0.82 99.594 221.12 3.11 0.68 99.903

CL 407.42 3.69 0.81 99.326 270.51 4.48 0.71 99.930

Ma 552.14 3.96 0.81 99.418 122.63 1.61 0.39 99.875

L 350.56 1.72 0.83 99.556 287.84 3.10 0.78 99.945

DS 390.11 8.69 0.76 99.610 184.95 4.84 0.53 99.843

LV 358.97 7.28 0.79 99.609 148.91 3.38 0.53 99.665

LS 428.57 3.70 0.79 99.501 205.31 2.55 0.60 99.900

0 20 40 60 80 100
0

5

10

15

20

25
 Experimental  Sorption Data
  Total 
 Monolayer (Mh)
 Polylayer (Ms)

RH (%)

EM
C

 (%
)

Figure 7 Water vapor adsorption experimental data showing

agreement with the H–H model (M species).
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structures are similar [11]. As shown in Table 5, the

FSP value varied from 16.36% for Ma species and

27.91% for L species, and the differences are mainly

seen at high RH levels. However, it has been argued

whether FSP value can be accurately extrapolated

using sorption isotherms, because the adsorption

isotherm increases sharply in the vicinity of 100% RH

and large errors may arise from slight errors [29]. It is

best to determine FSP value using other appropriate

tests, such as volumetric swelling intersection [28]

and pressure plate methods [30].

Conclusions

In this study, the hygroscopic behavior of 14 bamboo

species was determined from their water vapor

sorption isotherms at 25 �C in the range of 0–98% RH.

The different bamboo species exhibited variable

water vapor sorption isotherm as the EMC values

and the degree of hysteresis observed varied

throughout all RH levels. All sorption isotherms

exhibited typical type II isotherms and could be

predicted agreeably with GAB and H–H models. The

values of monolayer moisture content for 14 bamboo

species as estimated by the GAB and H–H models

ranged from 3.26 to 5.27%, 2.49 to 3.83%, respectively.

In particular, the internal specific surface area of

bamboo was calculated from the GAB monolayer

parameter, varying from 124 to 201 m2/g. Moreover,

the ‘average’ sorption isotherm of bamboo can be

obtained from the sorption data, which exhibited less

hygroscopicity than wood. The information gener-

ated in this study can provide useful information in

modeling the hygroscopic responses of bamboo in

environments with changing moisture levels.
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