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Effect of high‑temperature saturated 
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Abstract 

Moso bamboo (Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens) was subjected to heat treatment with saturated 
steam at 140, 160, and 180 °C for 10–30 min to evaluate the effects of the treatment on the properties of bamboo. The 
changes in the physical, mechanical, and chemical properties as well as microscopic structures of moso bamboo were 
analyzed in this study. Results indicated that its equilibrium moisture content (EMC) decreased gradually after being 
treated by high-temperature saturated steam mostly due to the hemicelluloses’ degradation. Both the temperature 
and duration of treatment affect the mechanical properties of bamboo. The modulus of elasticity (MOE) of bamboo 
was prone to be affected by heat treatment with saturated steam as compared to the modulus of rupture (MOR). 
The MOR and MOE increased as compared to the control when the sample was treated at 140 °C. However, a severe 
treatment negatively affects the mechanical properties of bamboo. The MOR and MOE decreased by 47% and 20% as 
compared to the control when the sample was heated at 180 °C for 30 min.
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Introduction
Due to its short growth and renewal cycles and great 
mechanical strength, bamboo has been deemed as a 
promising wood substitute [1, 2]. In the past decades, 
bamboo-based panels such as laminated bamboo lumber 
and bamboo scrimber have been rapidly used in the field 
of interior decoration and constructions [3–6]. However, 
the bamboo-based panel especially bamboo scrimber has 
lost the natural appearance of bamboo. Thus, bamboo in 
its natural form (culms or poles) is becoming one of the 
promising non-conventional sustainable building materi-
als for the coming decades [7]. In comparison with bam-
boo-based panels, the pristine bamboo culm is prone to 
be affected by moisture, ultraviolet light, and fungi, which 
may restrict its application for outdoor use. Clearly, 
improving the dimensional stability and resistance to 

biodegradation of bamboo is of great importance to 
widen the outdoor application of bamboo culms.

Along to the years, some typical treatment processes 
have been applied on bamboo to improve the environ-
mental resistance of bamboo, such as acetylation [8], 
chemical impregnation [9, 10], and thermal treatment 
[11–13]. Thermal treatment has been proven to be a cost-
effective and eco-friendly method to improve the hydro-
phobic properties and dimensional stability of woody 
materials. Dry saturated steam, inert gas (nitrogen), 
hot oil, and water were commonly used as heat treat-
ment medium with the treatment temperature between 
150 and 250 °C and the treatment time of 2–6 h [14, 15]. 
When the temperature is above 150  °C, the heat treat-
ment will reduce the hygroscopic property of the wood, 
consequently reduce its shrinkage and swelling proper-
ties, and thus improve the dimensional stability [16]. At 
180  °C or higher temperature, heat treatment can sig-
nificantly improve the anti-fungi performance of wood 
[17]. However, high-temperature heat treatment also 
leads to a decrease in its mechanical properties, which in 
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turn limits its application. During the heat treatment of 
bamboo, the superheated steam or oil is generally used 
as the treatment medium [18–20]. The conventional 
temperature of superheated steam treatment process is 
180–210 °C. Generally, the moisture in bamboo has been 
evaporated completely at this temperature at normal 
pressure. The mechanical properties of bamboo decrease 
greatly with the increasing treatment time due to the 
pyrolysis of oven-dried bamboo during the treatment. 
Moreover, oil treatment is considered to be an environ-
mental-unfriendly process and may also affect the service 
performance of bamboo including finishing etc.

Saturated steam is the steam that is in equilibrium with 
heated liquid water at the same pressure, which has not 
been heated more than the boiling point for that pres-
sure. Studies on the heat treatment of bamboo using 
saturated steam as medium have rarely been reported. In 
our previous work, moso bamboo culms were pretreated 
by saturated steam and then dried by kiln drying method 
[21]. Results indicated that saturated steam pretreatment 
has a positive effect on the drying quality of the bam-
boo culms. The non-uniform shrinkage in the thickness 
of bamboo culms attributed to the typical multilayered 
structure during the drying has been eliminated because 
bamboo can be completely softened under the saturated 
steam. However, the effect of saturated steam on the 
basic properties of bamboo culms is still unclear.

In this study, 4-year-old bamboo was heat-treated with 
saturated steam under different temperatures and dura-
tions. The changes in microstructures, physical, chemi-
cal, and mechanical properties of bamboo culms after 
heat treatment were investigated to prove the feasibility 
of the thermal modification of bamboo culms using satu-
rated steam as medium gas.

Materials and methods
Materials
The material used in this study was the 4-year-old moso 
bamboo (Phyllostachys heterocycla (Carr.) Mitford cv. 
Pubescens) harvested in Zhejiang Province from China. 
The bamboo culms with the average dimensions of 800 
(length) × 11 (wall thickness) × 115 mm (diameter) were 
taken at a height of more than 1000 mm from the roots. 
The bamboo knots were punched by a drilling and mill-
ing machine so that saturated steam can pass through the 
bamboo culms. Then the fresh bamboo culms with the 
initial moisture content of 90% were directly applied to 
the high-temperature saturated steam.

Heat treatment
The bamboo culms were placed in a pressurized tank 
(12R3426-1, Hangzhou Rongda Boiler Container Co., 
Ltd.) for heat treatment under the saturated steam. The 

steam pressure was set up to 3.6 atm, 6.2 atm, and 10 atm, 
corresponding to the temperature of 140 °C, 160 °C, and 
180 °C, respectively. Six repeated bamboo culms for each 
group were treated at the set temperature for the dura-
tion increasing from 10 min to 30 min in steps of 5 min. 
The bamboo culms were dried in a constant tempera-
ture and humidity incubator (DS-408, Xinda laboratory 
equipment Co., Ltd. China) according to an optimized 
drying schedule in the previous work [21]. Finally, the 
bamboo culms were conditioned at 65 ± 3% relative 
humidity (RH) and temperature of 20 ± 2 °C until reach-
ing constant moisture content.

Oven‑dried density
The samples with size of 10 (length) × 10 (width) × t mm 
(bamboo wall thickness) were prepared from bamboo 
culms for testing the density by oven-drying method. 
Totally 36 repeated samples obtained from the control 
and each treatment group was tested for analysis.

Thickness shrinkage
8 test points were selected and marked separately at both 
ends of each bamboo culms. The thicknesses of bamboo 
culms were measured on the test points by micrometer 
screw (accurate 0.01  mm) before treatment. The thick-
nesses on the same test points were measured again to 
calculate the thickness shrinkage individually and then 
obtained the average shrinkage of bamboo culms after 
treatment.

Mechanical properties
As is known to all, bamboo culms have a certain degree 
of curvature and taperingness, which may affect the test-
ing of mechanical properties. As shown in Fig.  1, the 
bamboo strips with the dimensions of 160 × 10 × 8  mm 
(Longitudinal × tangential × radial) were prepared by the 
processing of splitting, cross-cutting, and outer-inner 
layer removing for mechanical testing. 12 repeated sam-
ples of each experimental set were tested in the 3-point 
bending test in accordance with the standard of ASTM 
D1037-12 to analyze the modulus of rupture (MOR) and 
modulus of elasticity (MOE) [22].

Microstructure observation
Scanning electron microscope (SEM) (Quanta 200, FEI, 
Netherlands) was employed to analyze the effect of satu-
rated steam treatment on the cross-section microstruc-
ture of bamboo culms.

Chemical composition determination
The control and treated bamboo strips were grounded 
and screened into powders with the size of 40 to 60 mesh 
for chemical composition determination. The relative 
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content of cellulose, hemicelluloses, and lignin in bam-
boo was determined according to the international 
energy analysis and processing procedures and methods 
in NREL’S LAPS [23–25].

FTIR analysis
The chemical functional groups of the residue powders 
from the chemical composition determination were fur-
ther analyzed using a VERTEX 80 V FTIR spectrometer 
(Bruker Corporation, Karlsruhe, Germany). All spectra 
were collected in the range 1800–400 cm−1 with a resolu-
tion of 4 cm−1.

Equilibrium moisture content (EMC)
The bamboo strips with the dimensions of 
20 × 20 × 8  mm (L × T × R) were kept at 20 ± 2  °C and 
65 ± 3% RH until constant mass. The equilibrium mois-
ture content (EMC) after moisture absorption was 
calculated: 

where m0 is the initial mass of an oven-dried sample and 
m1 the mass after equalization.

Results and discussion
Microstructure
SEM images on the cross-sections of untreated and 
high-temperature saturated steam-treated bamboo 
are shown in Fig.  2. The cross-sectional images of the 
untreated bamboo sample show intact vascular bundles 
densely surrounded by intact parenchyma cells. When 
the bamboo culms were treated at 140  °C/30 min, there 
is almost no change in the microstructure as compared 
to the untreated sample. As the temperature of steam 
increased to 160 °C, the parenchyma cells in the bamboo 
culm shrinked and the volume of cellular became smaller, 
which may be resulted from the external high pressure on 
the soften cells. However, the structure of cell wall and 
the connection between vascular bundles and paren-
chyma cells were rarely destroyed. Nevertheless, as the 

(1)EMC (%) = 100 × (m1 −m0)/m0

bamboo culm was treated at 180 °C for a long duration, 
e.g., 180 °C/30 min, the structure of parenchyma cell wall 
has been changed a lot and the parenchyma cells almost 
separated from vascular bundles, which may not only 
attributed to the external high pressure but also the deg-
radation of cell-wall materials.

Oven‑dried density and thickness shrinkage
The results of oven-dried density and thickness shrinkage 
of bamboo after treatment at different temperatures and 
duration are shown in Fig. 3. Under the saturated steam 
with the temperature of 140  °C, the density of bamboo 
increased with the treatment duration. Bamboo does 
not undergo hydrolysis and pyrolysis processing, and the 
chemical composition may change slightly at 140  °C. At 
this condition, the bamboo cells shrink due to the exter-
nal pressure and the plasticization of materials attrib-
uted to the high-temperature steam. After treatment, the 
bamboo becomes compacted and results in the increase 
in the density of bamboo comparing with the control. 
When the temperature was above 160  °C, the shrinkage 
in the thickness of bamboo increased with the increasing 
temperature and duration, while the density decreased 
with the increasing duration. The chemical composition 
of bamboo may change obviously due to the degradation 
of chemical components, resulting in a decrease in the 
density of the treated bamboo.

Major chemical composition
To determine the effects of the treatment temperature 
on thermal degradation of bamboo chemical compo-
nents, the major chemical composition including cellu-
lose, hemicellulose, and acid-insoluble lignin content in 
bamboo are measured. As shown in Table 1, the relative 
content of cellulose, hemicellulose, and acid-insoluble 
lignin in bamboo did not change substantially under sat-
urated steam at a temperature of 140  °C. Nevertheless, 
the major chemical components of bamboo changed a lot 
when the treatment temperature was up to 160 °C. With 
the increase of treatment temperature and duration, the 

Fig. 1  Bamboo strips preparation for analysis
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Fig. 2  SEM images on the cross-section of bamboo culms at different treatment conditions: (a) and (b) untreated; (c, d) 140 °C/30 min; (e) and (f) 
160 °C/30 min; (g) and (h) 180 °C/10 min; (i) and (j) 180 °C/30 min
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relative content of cellulose and hemicellulose showed 
a general downward trend, while the relative content 
of acid-insoluble lignin shows an upward trend when 
treated at 160  °C. This finding is in agreement with the 
results reported by Zhao et  al. [19] and Lee et  al. [12]. 

The polysaccharides in hemicellulose have a low thermal 
stability under high temperature due to their branched 
structure and amorphous structure, making it easier to 
decompose hemicellulose than other chemical compo-
nents in bamboo.

Fig. 2  continued

Fig. 3  Oven-dried density and thickness shrinkage of bamboo culms

Table 1  Relative content of major chemical compositions of bamboo samples

Time/min Cellulose/% Hemicellulose/% Acid-insoluble lignin/%

140 ℃ 160 ℃ 180 ℃ 140 ℃ 160 ℃ 180 ℃ 140 ℃ 160 ℃ 180 ℃

Untreated 42.78 25.52 21.15

10 42.85 40.96 39.77 24.93 24.12 23.79 21.17 23.63 27.06

15 41.28 40.51 38.22 25.02 23.38 22.89 21.78 24.24 28.03

20 41.07 40.08 37.47 24.69 24.94 22.30 21.98 24.64 29.08

25 41.20 39.23 36.30 24.54 23.79 20.07 22.39 25.04 30.51

30 41.24 38.56 35.26 24.06 23.63 21.18 23.99 25.89 31.47
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At the temperature of 140  °C, the content of cellulose 
does not change substantially with the increasing dura-
tion. When the treatment extended to 10 min, the relative 
content of cellulose increases comparing to the untreated 
sample, which is mainly due to the loss of volatile mate-
rials. At 160  °C, the cellulose content reduces slightly 
with the extension of treatment duration because of the 
hydrolysis of cellulose at the presence of water. At higher 
temperature of 180  °C, the thermal cracking reaction of 
cellulose is gradually active. Under saturated steam con-
dition, the acetic acid produced by the degradation of 
acetyl group in hemicellulose has a certain effect on the 
stability of cellulose, which causes partial degradation of 
cellulose [26]. The relative content of the acid-insoluble 
lignin in bamboo increased after high-temperature satu-
rated steam treatment comparing to the untreated bam-
boo, which ascribes to the pyrolysis and hydrolysis of 
hemicellulose and the possible lignin condensation reac-
tions during heat treatment [27].

FTIR analysis
The chemical property of bamboo is furthermore con-
firmed by the FTIR analysis. As shown in Fig.  4, the 
peak at 897  cm−1 represents the CH bending vibration 
of β-glucosamine bond of cellulose in bamboo. As com-
pared to the untreated bamboo, there is no significant 
change, indicating that no damage in the chain structure 
of cellulose molecular occurs. The peak at 1730  cm−1 

is attributed to the linkage of the acetyl group with the 
ester group or carboxyl group in hemicellulose [28, 29]. 
The decrease in the peak of 1730  cm−1 indicates the 
degradation of hemicellulose. The absorption peak near 
the C–O–C stretching vibration (1159  cm−1) and the 
O–H stretching vibration (1318  cm−1) also decreases, 
which further confirms that the hemicellulose is greatly 
degraded. The acetyl group on the polysaccharide mol-
ecule of hemicellulose is hydrolyzed under hydrother-
mal conditions to form acetic acid, and the resulting 
acetic acid reduces the number of carbonyl C=O band 
(near 1600 cm−1) and influences the stability of cellulose. 
The intensity of the peak at 1590 cm−1 (C=C stretching 
vibrations in lignin) increased in the spectra of bamboo 
treated at 180  °C, which further confirmed the lignin 
condensation reactions during the treatment [12].

Equilibrium moisture content (EMC)
Figure  5 shows that the equilibrium moisture content 
(EMC) of sample treated by saturated steam at tempera-
ture of 160 °C for 30 min is 33.4% lower than that of the 
untreated. As compared to oil treatment, saturated steam 
treatment reduced the EMC more efficiently with the 
short treatment duration. For instance, the reduction 
in EMC is 46.7% for the sample treated at temperature 
of 180  °C for 30  min. Hemicellulose has the strong-
est moisture absorption capacity among the three main 
chemical components while it started to decompose at a 

Fig. 4  FTIR spectra for bamboo samples
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temperature of 160 °C. Thus, the decomposition of hemi-
cellulose caused the decrease in the equilibrium mois-
ture content. Furthermore, during the high-temperature 
saturated steam treatment, ‘bridge’ reaction occurred 
between the hydroxyl groups in the cellulose molecu-
lar chains of the cellulosic cell wall of bamboo, which 
releases water and produces ether bonds. The crystalliza-
tion in quasicrystalline (“paracrystalline”) regions of cel-
lulose may also contribute to the low EMC [30–32].

Mechanical properties
The mechanical properties of the bamboo after the high-
temperature treatment with saturated steam were meas-
ured and summarized in Fig. 6. It can be found that the 
modulus of rupture (MOR) of bamboo increased after 
saturated steam treatment at 140  °C. Under the treat-
ment of 140  °C/30  min, the MOR of bamboo reached 
the maximum value of 196.6 MPa by increasing 10.8% in 
comparison with the untreated bamboo, which is mainly 

because of the increased density of bamboo due to the 
shrinkage of bamboo thickness. After being treated at 
160 °C for 10 min, the MOR increased by 4.6%, while the 
treatment time extended to 30  min, the MOR reduced 
by 7.4%. According to previous studies, bamboo is first 
softened under high temperature and humidity and then 
pyrolyzed at the softening point. In particular, the hemi-
cellulose starts to degrade and hydrolyze by the satu-
rated steam significantly when the temperature reaches 
to 160  °C [33]. Increasing temperatures from 160 to 
180  °C had a significant effect on MOR of bamboo. As 
the duration of treatment increases, the degradation of 
the hemicellulose intensifies, resulting in a decrease in 
the static bending strength of the bamboo. MOE values 
of moso bamboo showed a 3.2–46.8% reduction in stiff-
ness with increasing duration of treatment compared 
with untreated samples. The degradation of hemicellu-
lose causes the loss of hemicellulose binding in the cell 
wall, weakening the bonding strength with cellulose and 
lignin. At the same time, the formed ether chain struc-
ture in cellulose reduced the crystallinity of cellulose and 
the lignin also gradually lost its support for strength in 
cellulose. At this stage, the degradation occurs in the 
major elements of bamboo and consequently, the chemi-
cal composition changed significantly causing a dramatic 
change in the static bending strength of bamboo [18, 34].

Compared with the effect of heat treatment on the 
static bending strength of bamboo, the change on MOE 
is relatively less intensive. The inflection point of the 
decrease in elastic modulus occurs under the condition 
of saturated steam at 180 °C, and the decreasing trend 
is obviously increased. At 140 °C, the MOE of bamboo 
increased by 17.3% comparing to untreated bamboo, 
which may resulted from the reduction of moisture 
content [35].

Fig. 5  EMC of bamboo samples

Fig. 6  Mechanical properties of bamboo samples
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At 160 °C, the change in MOE of bamboo is not obvious 
compared with untreated material. The MOE increases 
by 2.3% after treating for 10 min which may be explained 
by the higher the surface area of cellulose quasi-crystal-
lized is high under high temperature, and the increase 
in crystallinity leads to a rise in the modulus of elasticity 
of the bamboo. The elastic modulus tends to decrease as 
the duration of treatment increases. At 180 °C, the elastic 
modulus of bamboo shows a rapid reduction under the 
treatment duration of 10–30 min. The elastic modulus of 
bamboo treated at 180 °C for 30 min decreased by about 
20%.

Conclusions
High-temperature saturated steam treatment effec-
tively reduced the equilibrium moisture content (EMC) 
of bamboo culms with a lower temperature and dura-
tion as compared to the conventional heat treatment 
process, which resulted from the rapid degradation of 
hemicelluloses and increased relative content of lignin. 
The decreased moisture absorption may make a positive 
contribution to improve the dimensional stability and 
durability of bamboo culms. Under the saturated steam 
of 140 °C, the oven-dried density, static bending strength 
and elastic modulus of bamboo increase slightly. How-
ever, the change trend is opposite to that at 140 °C when 
the saturated steam temperature is above 160  °C. High-
temperature saturated steam treatment at 160 °C/30 min 
or 180 °C/10 min shall be a better condition for bamboo, 
which holds great promise for the outdoor utilization of 
round bamboo.
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of rupture; SEM: Scanning electron microscope.
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