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Abstract

Bamboo is now widely used in construction, papermaking, textile, furniture and other fields because of its renewable,
fast-growing, high-strength, high-yield and easy processing. However, compared with wood, bamboo and bamboo
products are more vulnerable to damage by fungi and pests. An effective and eco-friendly method is urgently needed
to improve their physical and chemical properties, decay resistance and anti-mildew properties, and hydrophobic
properties. Here, bamboo was heated with methyl silicone oil. The effect of different temperatures (140 °C-200 °C)
and different times (2 h—6 h) on the properties of bamboo was studied systematically, including chemical composi-
tion, physical and mechanical properties, surface wettability, decay resistance and anti-mildew property. No starch
granules were observed inside the parenchymal cell lumen of bamboo specimen heat treated at 200 °C for 6 h. And
with the increase of heat treatment temperature and time, the content of cellulose and hemicellulose decreases
gradually while relative content of lignin increases due to its better thermal stability. Accordingly, the surface wettabil-
ity decreases due to the changes of the surface functional groups and micro-morphologies. Under the condition of oil
heat treatment at 160 °C for 2 h, the compressive strength parallel to grain of bamboo samples reach the maximum
of 109.52 MPa. With further increase of heating temperature, the corresponding compressive strength decreases. The
resulted bending strength and MOE both display similar changing trend. However, the optimal parameter is at 180 °C
for 2 h, with the highest bending strength and MOE values of 142.42 MPa and 12,373.00 MPa, respectively. Finally, the
decay resistance and anti-mildew property are dramatically enhanced with increased heat treatment temperature
and time. All the corresponding changing mechanisms are investigated in depth and in detail. Our results provide
comprehensive process parameters and micro-mechanism for the performance of oil heat treatment of bamboo,
which can be used to guide the actual production.

Keywords: Oil heat treatment, Bamboo, Surface wettability, Physical and mechanical property, Decay resistance,
Anti-mildew, Micro-mechanism, Three major components

Introduction

With the rapid economic growth of our country and the
improvement of people’s living standards, the demand for
wood in the home decoration, furniture and construction
industries is increasing. In the case of prominent contra-
diction between supply and demand of wood, bamboo is
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an important substitute for wood. Bamboo has become
an important raw material in the economic construc-
tion of countries all over the world [1, 2]. Compared with
wood, bamboo has been widely used in some fields as
one of the important resources in biomass industry for its
fast growth, easy propagation and short renovation [3-7].
Through 30 years development, bamboo industry has
become one of the eco-friendly, high value-added, low-
carbon and sustainable industries with Chinese char-
acteristics [8]. On average bamboo has 2-5% of starch,
1.5-6% of proteins, 2% of glucose and 2—3.5% of fat and
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wax. Among them, starch generally acts as the nutri-
ent reserve of plants, but at the same time, it is the main
food source of fungi, which makes fungi attack biomass.
Compared with wood, bamboo and bamboo products
are more vulnerable to be damaged by fungi and pests.
Therefore, mildew and decay of bamboo restrict the
applications of bamboo products in special environment.
Meanwhile, the inherent disadvantages of bamboo such
as hydrophilicity and dimensional instability seriously
shorten its service life [9, 10]. Thus, it is the key to find
an effective and eco-friendly way to improve the physical
and chemical properties, decay resistance and anti-mil-
dew properties, and hydrophobic properties of bamboo.
In recent years, more and more scientists have paid
attention to the modification of bamboo, and various
treatment methods have been applied on bamboo to
improve the corresponding anti-mildew property includ-
ing y-ray irradiation [11], nanotechnology [12], chemi-
cal impregnation [13, 14] and the thermal treatment [15,
16]. The gamma ray irradiation technology can not only
sterilize, but also destroy the nutrients on the surface of
bamboo. It is known that this method is efficient, pollu-
tion-free and has a low cost. However, high irradiation
dose induces a decrease in the mechanical properties
[17]. As reported, the introduction of nanotechnology
can not only endow bamboo with new functions, but also
further improve its properties. However, considering the
easy leachability and high cost of modified nano-inor-
ganic materials, it is not suitable for large-scale outdoor
use [18]. Similarly, due to the anatomical characteristics
of bamboo, the chemical agents cannot be immersed into
its interior completely. Meanwhile, the chemical agents
contain heavy metal ions, toxic monomers of organic
compound and toxic organic solvents, which is detri-
mental to health and causes irreversible destruction to
the environment [19]. Thermal modification of bamboo
is a commercially viable technology. It utilizes heat as a
medium to alter the structure and chemistry of bamboo
to achieve desired properties. From the economic, envi-
ronmental and sustainable point of view, heat treatment
is considered to be an efficient way to solve this problem.
High temperature heat treatment refers to modifica-
tion of biomass in protective gas environment or liquid
medium at 160-250 °C [20]. Hemicellulose degrades
in high temperature, resulting in a decrease in hygro-
scopicity and water absorption. As a result, the cor-
responding dimensional stability, decay resistance and
anti-mildew property of bamboo are improved [21, 22].
Previous researches indicate that the extraction rate of
hemicellulose increases with the increase of temperature
[23], while the corresponding mechanical properties are
the opposite [24]. Zhao [25] and Zhang [26] found that
the mechanical properties of moso bamboo decreased
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significantly when the steam heat treatment temperature
increased up to 200 °C. The changes of temperature and
time had no significant effect on the bending properties
of moso bamboo. Among the heat treatment methods,
hydrothermal treatment and steam heat treatment are
both dominant [27]. In contrast, the steam needs a spe-
cial pressurized environment, and it is a high-energy con-
sumption method. Besides, similar to the hydrothermal
one, the resulted water has certain pollution which needs
further treatments. The performance of modified wood
and bamboo has certain limitations. In recent years, oil
heat treatment is considered to be a green and effective
method for biomass modification. Various industrial veg-
etable oils (such as linseed oil, palm oil, rapeseed oil and
soybean oil), cogasin and mineral oil (such as silicone
oil and paraffin oil) are used as heat medium to modify
wood [28, 29]. Among them, silicone oil is an excellent
electrical insulator with high thermal stability and good
heat transfer characteristics, which is widely used in oil
bath heating [30, 31]. The study on the thermal modifi-
cation of bamboo with methyl silicone oil is poor [32],
especially on the macroscopic and microscopic charac-
teristics, physical and chemical properties, decay resist-
ance and anti-mildew property, hydrophobic property of
products obtained by different process parameters, and
the relationship among properties.

In this paper, the effects of oil heat treatment on bam-
boo properties were systematically studied, including
chemical composition, physical and mechanical proper-
ties, surface wettability, decay resistance, anti-mildew
property and the relationship among the changes of
microstructure, chemical composition and physical and
mechanical properties. The heat medium was methyl sili-
cone oil, the temperature was from 140 °C to 200 °C and
the time was from 2 to 6 h.

Materials and methods

Materials

Moso bamboo of 5 years old was obtained from Chang-
hua, Hangzhou. The defect-free bamboo samples of
300 mmx30 mmx8 mm (longitudinal x tangen-
tial x radial), were cut 2 m away from the root. Ther-
mally oil modified bamboo samples were divided into 12
treatment groups in addition to one group set as control
(untreated) samples. To be mentioned, all the tests were
repeated 8 times and the average results were collected
and analyzed.

Oil heat treatment

Bamboo samples were oven-dried at 105 °C until weight
constancy was achieved. After this step, samples were
transferred and immersed in a heated oil bath at 140 °C,
160 °C, 180 °C and 200 °C for 2 h, 4 h and 6 h at each
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defined temperature, respectively. During heat treatment
of samples, the oil bath was covered and after the oil heat
treatment, the samples were wiped and cooled.

Scanning electron microscopy (SEM)

The morphology of samples was characterized by
TM3030 (Opton, UK) scanning electron microscopy.
The middle part of the bamboo is cut off, the surface is
smoothened, and finally dried in an oven at 105 °C. In
order to improve the conductivity of bamboo, conductive
adhesive was used to fix the bamboo on the aluminum
specimen rack. The vacuum coating instrument was used
to spray gold to increase the conductivity of specimen.
The changes of starch particles and surface structure of
bamboo samples with different oil heat treatment were
observed by scanning electron microscope.

Atomic force microscopy (AFM)

The resulted morphologies of the samples were char-
acterized by an Asylum Research MFP-3D Bio AFM
machine from Oxford Instruments Company. Silicon
cantilever tips with a spring constant of 26 N/m were
used (Model: AC160TS-RS Olympus, Japan). Its cor-
responding radius is 7 nm. All the images were taken
under AC Air Topography format with a scanning rate
of 0.5 Hz. The 1024 x 1024 points AFM images were
processed by software from Oxford. The bamboo slice is
divided into two parts, one part is placed in the oil envi-
ronment for heat treatment, the other is kept in air dur-
ing the oil heat treatment. Before scanning, the treated
samples were washed slightly by water and dried, and
then placed in AFM machine. The AFM tip was moved to
the interface between the oil residue and the bare bam-
boo surface under the inverted microscope, and then
AFM scanning was performed.

X-ray diffraction (XRD)

A step-by-step scanning method with powder X-ray dif-
fractometer T-6000 (Malvern Panalytical, UK) was used.
The scanning angle was 5° to 50° and the scanning speed
was 2°/min. The crystallinity (Crl) and lattice spacing of
cellulose before and after oil heat treatment was calcu-
lated by Segal method:

Tooo — 1,

Crl = (0"2“’”) x 100%, (1)
Ioo

ni = 2dsin6, (2)

where Crl is the relative crystallinity; 4 is the lattice
spacing; [, is the maximum intensity of diffraction
peak of crystal (002) plane; I, is the diffraction inten-
sity of amorphous; n=1 is the diffraction series; A is the
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wavelength of X-ray, which is 0.15406 A, and @ is the
peak position.

Fourier transform infrared spectroscopy (FTIR)

The spectra were determined by the VERTEX-80 V
(Bruker, Germany) infrared spectrometer. Before deter-
mination, the dried bamboo powder was mixed with
KBr and pressed into a thin sheet. The scanning range is
500—-4000 cm™?, and the scanning times are 32 and the
resolution is 4 cm™!. The thin sheet is placed in the Fou-
rier infrared spectrometer for determination. Finally, the
infrared spectrum was drawn for analysis.

Major chemical composition test

The contents of three major elements (cellulose, hemicel-
lulose and lignin) in bamboo before and after treatment
were determined by the National Renewable Energy
Laboratory (NREL'S LAPS) [33]. The sugar content in the
supernatant was determined by high-performance liquid
chromatography (HPLC). H,SO, solution was used as
eluent at a flow rate of 0.6 mL/min.

Surface wettability test

The contact angles were determined by the liquid drop-
let method. The liquid measurement medium was deion-
ized pure water and the measurements were performed
at temperature (20 °C) and 40% to 50% RH with the help
of a SCA20 (Dataphysics, Germany) Automatic Contact
Angle Apparatus. The instantaneous static contact angle
of droplet contacting the specimen surface for 0 s was
recorded by computer. Three different positions were
selected on each section for measurement. The average
was the final result.

Physical and mechanical properties test

According to the national standard GB/T 15780-1995
“Testing methods for physical and mechanical proper-
ties of bamboos” [34], the compressive strength parallel
to grain, bending strength and elastic modulus of sam-
ples before and after oil heat treatment were measured
by DNS50 (Sinotest, China) electronic universal testing
machine.

Decay resistance test

According to ASTM D1413-99 “Standard Test Method
for Wood Preservatives by laboratory Soil-Block Cul-
tures” [35], indoor decay resistance test was carried
out with brown-rot fungi. The bamboo before and
after oil heat treatment were made into samples with
20 mm x 20 mm x 8 mm, followed by decay resistance
tests. The decay resistance grade is evaluated by the mass
loss of the bamboo samples before and after decay. The
calculation method of the mass loss (ML) is shown in
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Table 1 Standard method for rating infection value of samples

Loss rate (%) Decay resistance grade

0-10 Strong decay resistance |
11-24 Decay resistance Il

25-44 Slightly resistant to decay Il
>45 Not resistant to decay IV

Table 2 Rating for the infection value of mold growth on

bamboo

Rate Description

0 No visible growth

1 Mold covering up to 1/4 of the surface

2 Mold covering between 1/4 and 1/2 of the surface
3 Mold covering between 1/2 and 3/4 of the surface
4 Mold on greater than 3/4 of the surface

Formula (3). The standard for assessing the decay resist-
ance grade of the final test piece is shown in Table 1:
Wi -W
=%

ML (3)

where ML is the mass loss; W, W, is the mass of bam-
boo samples before and after corrosion, respectively.
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Anti-mildew property test

According to GB/T 18261-2013 “Test method for anti-
mildew agents in controlling wood mold and stain fungi”
[36], the samples of 50 mm x 20 mm X 5 mm before and
after oil heat treatment were made. There were no defects
on the surface of samples (see Table 2).

Results and discussion

Effect of oil heat treatment on the microstructure

of bamboo

The micromorphology of untreated bamboo in cross
section and longitudinal section is shown in Fig. 1. The
parenchyma cell wall of untreated bamboo is smooth as
shown in Fig. 1a—c. The pits throughout the cell wall dis-
tribute evenly as circled by yellow short-dashed line in
Fig. 1f. As we know, these pits are channels for exchang-
ing nutrients and moisture among cells. Furthermore,
a large number of starch granules as pointed by yellow
arrows in Fig. 1c and f are observed in the cell lumen,
which are supposed to be nutrients for the growth of
mold.

Figure 2 presents the micro-morphologies of the
cross section and longitudinal section of bamboo sam-
ples, which are treated with methyl silicone oil at 200 °C
for 6 h. As shown in Fig. 2a—c, the parenchyma cells of
treated bamboo are obviously distorted and deformed
as outlined by yellow dotted lines. Moreover, the gaps
between adjacent cell walls increase as pointed by green

TM3030

01906711 13T N D107 x800

Fig.1 SEM images of untreated bamboo samples in a-c cross section and d-f longitudinal section, respectively
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Fig.2 SEM images of oil heat-treated bamboo samples at 200 °C for
6 h.a, b cross section, ¢, d longitudinal section

arrows. All these observations indicate that the cell wall
toughness of treated samples decreases. This is due to
the fact that the hydration water evaporates during heat
treatment processes, causing the internal stress. As a
result, the dense structure of cell wall is destroyed. More
importantly, the samples which are oil heat treated at
200 °C for 6 h have no starch granules inside the paren-
chymal cell lumen. This is attributed to their pyrolysis or
melting loss under the condition of oil heat treatment.
Accordingly, gelatinized starch can be observed in
Fig. 1d as pointed by red arrows. Besides, after oil heat
treatment, the mixtures formed by condensations of
starch and oil blocks the pits during the precipitation of
molten materials. It is worth mentioning that the small
oil molecules gradually enter into the crystallization area
of starch granules during the heat treatment, resulting
in swelling and collapse of starch granules. As a result,
the pyrolysis and precipitation of starch molecules are
accelerated.

Effect of oil heat treatment on the crystallinity of cellulose

XRD spectra of bamboo samples before and after oil
heat treatment are shown in Fig. 3. Figure 3a shows the
X-ray diffraction profiles of untreated bamboo and the
treated bamboo at 140, 160, 180 and 200 °C for 6 h. Fig-
ure 3b is the XRD spectra of untreated bamboo and the
treated bamboo at 200 °C for 2, 4 and 6 h. An obvious
high diffraction peak at 20=22.00° corresponds to the
(002) plane of cellulose crystal. The peak at 26 =15.60°
corresponds to the (101) and (10-1) planes of cellulose
[37]. The diffraction angle of (002) crystal plane, relative
crystallinity and the lattice spacing of bamboo before and
after treatment are shown in Table 3. It can be seen from
Table 3 that the difference between diffraction angles of

—— Untreated — 140 °C —— 160 °C
—180.9€ — 200 °C

(101) (002)
PR -

Untrezated 2h 4h

\T\

b} 6h |

20 (°)
Fig. 3 XRD spectra of untreated sample and the treated samples

treated a at varied temperature (140, 160, 180 and 200 °C) for 6 h and
b at 200 °C for varied time (2, 4 and 6 h), respectively

oil-treated and untreated bamboo is very small. And,
perhaps, the instrumental correction was not performed
to cause the phenomenon. Meanwhile, compared with
the untreated bamboo, the lattice spacing of the treated
bamboo decreases. This is proved to be attributed to the
formation of ether bonds among cellulose macromolecu-
lar chains [38].

The hydrolysis of the acetyl group in hemicellulose
produces acetic acid when the heat treatment tempera-
ture is higher than 140 °C. The latter has a catalysis effect
on the hydrolysis of cellulose microfibril in the crys-
talline region. As a result, unstable glycoside bonds in

Table 3 The 26, relative crystallinity and lattice spacing of
untreated and oil heat-treated bamboo samples

7/°C t/h 20/° Relative lattice
crystallinity /% spacing /
nm
Untreated 21.84 43.12 4.07
140 6 21.66 45.79 4.10
160 21.74 43.37 4.08
180 2162 4416 411
200 2 21.66 4555 4.10
4 21.70 4537 4.09
6 21.70 44.28 4.09
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cellulose decompose, and the corresponding crystallin-
ity decreases from 45.79% for 140 °C to 43.37% for 160 °C
in Table 3. When treated at 180 °C for 6 h, the relative
crystallinity of bamboo samples increases to 44.16%. This
may be because hemicellulose degradation promotes the
arrangement of cellulose molecular chains in the amor-
phous region more orderly and closer [39]. When the
heat temperature further increases from 180 °C to 200 °C,
the crystallinity of cellulose basically remains unchanged
with a value of 44.28%, indicating an equilibrium balance
between the hydrolysis processes of hemicellulose and
the hydrolysis and rearrangement processes of cellulose
in the amorphous region. As a result, the corresponding
crystallinity is substantially retained.

Effect of oil heat treatment on chemical functional groups
of bamboo

Figure 4 shows the FTIR spectra of untreated and oil
heat-treated bamboo samples. Figure 4a shows the FTIR
spectra of untreated and oil heat-treated bamboo sam-
ples at 200 °C for 2, 4 and 6 h. Figure 4b shows the FTIR
spectra of untreated and oil heat-treated bamboo at 140,
160, 180 and 200 °C for 6 h. Table 4 shows the relative
intensity of 400-4000 cm™! absorption peak of moso
bamboo before and after oil heat treatment. The peak at
1426 cm ™ is assigned to the CH, bending deformation in
cellulose. According to previous reports, this absorption
band is assumed to be essentially unaltered by the heat
treatment [40, 41]. Thus, the peak intensity at 1426 cm™!
is set as 1 and used for spectrum normalization. The
band at 3420 cm™! is assigned to hydroxyl. The result
shows that the intensity of absorption peak decreased
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after oil heat treatment. Under the combined action of oil
heat and oxygen containing conditions, a large number
of hydroxyl groups in the amorphous region of cellulose
are oxidized. Free hydroxyl (-OH) polymerizes to form
aldehyde, ketone or carboxyl group. Therefore, cellulose
degrades and the hydroxyl group decreases. The band
at 2924 cm™! has been associated with methyl groups
C-H bend. The displacement of C-H band is an indica-
tion that cellulose structure was affected during oil heat
treatment due to the degradation of cellulose in the cell
wall of the bamboo. The band at 1732 cm™! is assigned
to the C=O0 stretching vibrations in acetyl group present
in hemicelluloses. The intensity of the band decreased
significantly, mainly after oil heat treatments over
160 °C. This is because the acetyl group in hemicellulose
highly degrades by deacetylation reaction. The band at
1605 cm™! is assigned to the C=0 and C=C aromatic
skeletal vibrations in lignin, which indicates that the heat
treatment of the bamboo led to degradation of C=0
linked to the aromatic skeleton in lignin. The decrease in
intensities of absorption band at 1515 cm™! is not obvi-
ous, which indicates the benzene ring structure of lignin
is relatively stable. Lignin can be esterified in acidic con-
dition, resulting in the reduction of hydroxyl group [42].
The band at 1456 cm™! is ascribed to CH, symmetric
bending on the xylan ring. The intensity is weakened, but
not obvious. It is probable that no major degradation of
the xylan backbone had occurred, and that the primary
effect on the xylan is a side-group splitting [43]. The
bands at 1243 cm™! and 1161 cm ™ should be attributed
to cellulose [44]. The two bands intensity and peak shape
slightly changed after oil heat treatment. It may be the
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lSI[lO
Wavelength(cm")

Fig.4 FTIR spectra of untreated sample and the treated samples treated a at 200 °C for varied time (2, 4 and 6 h) and b at varied temperature (140,
160, 180 and 200 °C) for 6 h, respectively
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Table 4 Relative intensity of absorption peak of untreated and oil heat-treated bamboo samples
T/°C t/h Cellulose, hemicellulose
/3420//1426 /2924//1426 /1732//1426 /1459/|1426 |1243//]426 ll 161//1426 l895//1426
Untreated 0.77 0.99 117 1.01 091 0.75 127
140 6 057 0.71 1.11 0.98 0.93 0.79 1.29
160 0.65 0.73 1.06 0.96 0.89 0.86 122
180 0.58 097 1.10 0.98 0.84 0.76 122
200 0.80 092 1.02 0.97 0.93 0.90 1.08
4 0.66 0.81 1.06 0.95 091 0.85 1.19
0.59 0.89 1.09 0.95 0.87 0.79 1.23
7/°C t/h Lignin
l1605//l426 /1515/l1426
Untreated 1.11 1.15
140 6 1.09 1.03
160 1.01 1.06
180 1.05 1.08
200 2 1.03 1.01
4 1.01 1.00
6 1.04 1.02

result of a reaction taking place between cellulose and the
silicon oil during heat treatment. The decrease in intensi-
ties of absorption band at 895 cm ™! is due to the decrease
in cellulose content.

Effect of oil heat treatment on the cellulose, hemicellulose,
and lignin contents

The relative normalized contents of the cellulose, hemi-
cellulose and lignin before and after oil heat treatment
are shown in Fig. 5. It can be seen that the oil temperature
has a significant effect on the content of cellulose, hemi-
cellulose and lignin in bamboo. Compared with untreated
samples, the contents of cellulose and hemicellulose in

treated bamboo decrease. With the increase of heat treat-
ment temperature, the contents of cellulose and hemicel-
lulose decrease gradually. On the contrary, the relative
content of lignin increases gradually. There is no obvious
change in cellulose content of bamboo at 140 °C-160 °C,
which indicates the cellulose is almost no degraded. The
content of hemicellulose decreases obviously at 160 °C
for 6 h, which indicates the hemicellulose begin to be
degraded. The cellulose and hemicellulose contents of
heat-treated samples at 180 °C for 6 h decrease by 36.6%
and 37.2%, respectively, compared to the control group.
The decline rate of cellulose and hemicellulose content
are 43.99% and 60.56%, respectively, when the bamboo is

30 4 Untreated

N rmissm e M=

Percentage of cellulose (%)

0

0

404

30 4

20 4

Percentage of lignin (%)

]

55

Percentage of hemicellulose (%)
b

Untreated 140 160 180 200 Untreated 140

Temperature(°C)

Fig. 5 The percentage of cellulose, hemicellulose and lignin of untreated sample and the treated samples at varied temperature (140, 160, 180 and

200 °C) for varied time (2, 4 and 6 h). a Cellulose, b hemicellulose, ¢ lignin

Temperature(°C)

Untreated 140 160 180 200
Temperature(°C)

160 180 200
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oil heat treated at 200 °C for 6 h. At this time, the con-
tents of cellulose and hemicellulose have no significant
decrease. The decrease of cellulose content is mainly due
to the volatilization of small molecular degradation prod-
ucts during oil heat treatment. The decrease of hemicel-
lulose content is mainly due to its poor thermal stability
and easy hydrolysis. The hydrolysis of the acetyl group in
hemicellulose produces acetic acid when the heat treat-
ment temperature is higher than 140 °C, which leads to
acid-catalyzed degradation of polysaccharide [39]. Fur-
thermore, the hydrolysis of the acetyl group in hemi-
cellulose produces acetic acid when the heat treatment
temperature is higher than 140 °C. The latter has a cataly-
sis effect on the hydrolysis of cellulose microfibril in the
crystalline region. As a result, unstable glycoside bonds
in cellulose decompose, and the corresponding crystal-
linity of cellulose decreases from 45.79% for 140 °C to
43.37% for 160 °C in Table 3. The acetic acid produced
by hemicellulose degradation catalyzes the degradation
of cellulose, as a result of which, the content of cellulose
decreases. The cellulose and hemicellulose are polysac-
charides and the structure of polysaccharide is unstable
during high-temperature heat treatment because of their
branched chain and amorphous structure. Therefore, the
cellulose and hemicellulose are easier to hydrolysis at
high temperature than other components [45, 46]. With
the decrease of cellulose and hemicellulose contents, the
relative content of lignin increases due to its good ther-
mal stability.

Effect of oil heat treatment on the surface wettability

of bamboo

Figure 6 shows the contact angle of the outer layer of
bamboo surface before and after heat treatment. It can
be seen that the contact angle of untreated outer layer
of bamboo samples surface is 58.03° and that of oil
heat-treated samples are 87.242.3°. The contact angle
of oil heat-treated bamboo is much larger than that
of untreated bamboo. It is mainly because the anhy-
dride functional groups in the oil can combine with the
hydroxyl group of hemicellulose through hydrogen bond-
ing or ester bonding reactions during oil heat treatment.
As a result, the remained heating medium (oil) on the
surface of outer layer improves the hydrophobic proper-
ties of the surface [47]. In addition, the waxes in the oil
heat-treated bamboo are likely to transfer to the surface,
forming a waterproofing membrane and thus increasing
the hydrophobicity of bamboo [15]. The obtained mem-
brane can be confirmed by AFM imaging as shown in
Additional file 1: Figure S1. An obvious difference can be
observed between the treated and untreated sample sur-
face from the AFM image in Figure Sla. This height dif-
ference is mainly due to the formation of oil membrane
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Fig.6 The contact angle of untreated sample and the treated
samples at varied temperature (140, 160, 180 and 200 °C) for varied
time (2,4 and 6 h)

layer on the bamboo surface with a thickness of ~ 350 nm
(Additional file 1: Figure S1b). Furthermore, as observed
in Fig. 2d that the pits are blocked by the mixture of oil
molecules and starch degradation products, the entry
of external water is inhibited to a certain extent. The
retained oil on the surface of bamboo is hydrophobic and
has a negative effect on the wettability [48].

Effect of oil heat treatment on physical and mechanical
properties of bamboo

The compressive strength parallel to grain of bamboo
samples before and after oil heat treatment at different
times and temperatures is shown in Fig. 7. As can be seen
from Fig. 7, the compressive strength parallel to grain of
the untreated samples is 89.07 MPa. With the increase of
oil heat treatment temperature, the compressive strength
parallel to grain increases first and then decreases. Under
the condition of oil heat treatment at 160 °C for 2 h, the
compressive strength parallel to grain of samples reaches
the maximum of 109.52 MPa. The maximum is 18.63%
higher than that of untreated samples, and then begins
to decline. When the temperatures are up to 200 °C, the
compressive strength parallel to grain of the oil heat-
treated samples is less than that of the untreated samples.
As we know, the cellulose and lignin endow bamboo with
elasticity and strength, hardness and rigidity, respectively,
and the increase of cellulose and lignin in the cell wall
has a positive effect on the compressive strength paral-
lel to grain of bamboo [49]. The increase of compressive
strength parallel to grain may be due to the increased
crosslinking of lignin polymer during the heat treatment
[28]. Lignin is used as a reinforcing agent for cellulose
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Fig. 7 The compressive strength parallel to grain of untreated
sample and the treated samples at varied temperature (140, 160, 180
and 200 °C) for varied time (2, 4 and 6 h)

microfiber/fibril, and the increase in crosslinking of this
polymer may prevent or limit movement perpendicu-
lar to the particle. In addition, lignin is the main com-
ponent of the interlayer, and the crosslinking of lignin
polymer enhances the strength of the intermediate layer
and affects the strength nature of cell wall [50]. Similar
to wood, the decrease of compressive strength parallel to
grain is mainly due to the pectin, extract, hemicellulose
and other substances in bamboo are degraded partially
or completely, especially when the temperature is higher
than 160 °C [51].

The bending strength and the modulus of elastic-
ity (MOE) of bamboo samples before and after oil heat
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treatment are shown in Fig. 8. As shown in Fig. 8, when
the oil heat treatment temperature is less than 140 °C,
the bending strength decreases with the increase of the
heat treatment time. When the oil heat-treated tem-
perature is higher than 140 °C, the bending strength
increases first and then decreases. The bending strength
of the bamboo samples increase by 8.46%, 19.26% and
17.25%, respectively, after oil heat treatment at 160, 180
and 200 °C for 2 h. At the beginning of oil heat treat-
ment, the moisture content at the fiber saturation point
decreases, and the dimensional stability improves, result-
ing in the increase of the bending strength [52, 53]. At
the same temperature, the bending strength decreases
with the time increasing, and it is mainly due to the deg-
radation of chemical components including cellulose and
hemicellulose. From Fig. 8, the MOE of oil heat-treated
samples is higher than control group, which shows that
the oil heat-treated bamboo has higher strength and bet-
ter dimensional stability (MOE is positively correlated
with dimensional stability [26]). And the MOE is bet-
ter dimensional stability. The results are consistent with
the results of bamboo dry shrinkage (Table 5). With the
increase of oil temperature and time, the dry shrinkage
decreases gradually. This may be due to the loss of water
absorption sites and the decrease in the number of O-H
and C=0O groups [54]. This is coincident with the result
of FTIR spectra (Fig. 4). Furthermore, with the increase
of temperature, the modulus of elastic increases first
and then decreases. The modulus of elastic reaches the
maximum 12,373 MPa at 180 °C for 2 h and increases
by 59.04% compared with untreated samples. The loss
of moisture in the amorphous area of cellulose leads to
the fact that the cellulose molecules firmly bind to each
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Untreated 140 160 180 200
Temperature (°C)
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Bending modulus of

Fig. 8 The bending strength and the MOE of untreated sample and the treated samples at varied temperature (140, 160, 180 and 200 °C) for varied
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Table 5 The dry shrinkage and weight loss of untreated and oil heat-treated bamboo samples

7/°C t/h Oven-dried shrinkage/% Air-dried shrinkage /% Weight loss/%
Radial Tangential Volume Radial Tangential Volume

Untreated 422 542 9.68 3.74 530 9.68 -

140 2 4.16 539 9.36 344 517 9.36 2.56
4 4.7 545 11.04 334 432 7.38 3.76
6 4.16 527 855 3.14 3.89 7.26 3.81

160 2 3.75 542 947 342 422 8.34 3.73
4 4.03 5.31 9.27 3.23 4.11 6.94 3.92
6 4.01 5.02 8.96 3.02 354 6.57 3.89

180 2 3.39 4.66 8.36 332 3.34 6.71 8.60
4 3.15 4.35 743 2.64 347 6.55 835
6 3.09 222 543 2.16 1.97 448 8.50

200 2 1.66 1.86 2.75 1.76 2.21 3.52 14.91
4 1.60 1.49 4.21 161 2.57 5.04 18.14
6 0.74 1.44 237 1.55 1.90 3.95 18.64

other, which increases the rigidity of the fiber and the
modulus of elasticity [55]. The increase in modulus of
elasticity also confirms that the high temperature has a
positive effect on the plasticity. Previous studies have
suggested that the amorphous cellulose is partially crys-
tallized, which increases the hardness of bamboo [45, 56].
Abundant hemicellulose is decomposed with the time,
and the degradation of cellulose reduces cellulose polym-
erization degree and destroys the hydrogen bond, result-
ing in the gradual decrease in the mechanical strength.
Besides, from Table 5 we can see that the weight loss of
the treated samples increases with the increase of tem-
perature. This is supposed to be attributed to the varied
degradation behavior of the different chemical compo-
nents in bamboo at different temperatures as discussed
above.

Effect of oil heat treatment on the decay resistance

of bamboo

Bamboo-based products are easy to decay when used
outdoors, which affects their beauty and durability.
Therefore, we study the decay resistance of bamboo after
oil heat treatment. It is reported that brown-rot fungi are
one of the most common rot fungi that can easily infect
bamboo [57]. In view of this, we studied the decay behav-
ior of the treated bamboo by brown-rot fungi. Figure 9
shows the weight loss of bamboo samples before and after
oil heat treatment after incubation with brown-rot fungi
for 45 days. As we know, the more weight loss means the
worse decay resistance. From Fig. 9, it can be concluded
that the weight loss of bamboo samples is between 0 and
20% after being infected by brown-rot fungi for 45 days.
According to Table 1, the corresponding decay resistance

|- Untreated 2h

h %ohl

h
1

o
=
1

Weight loss(%)

Untreated 140 180
Temperature(°C)

Fig. 9 The weight loss of samples after incubation with brown-rot
fungi for 45 days

160

200

grade of the treated samples is I or II. With the increase
of oil heat treatment temperature and time, the weight
loss rate caused by brown-rot fungi infection decreases.
When the temperature is higher than 180 °C, the decay
resistance grade reaches I, the best decay resistance. The
results show that the decay resistance of bamboo samples
becomes better with the increase of oil heat-treated tem-
perature and time. And with the increase of the tempera-
ture and time, the effect of decay resistance is better. This
is because the pit is blocked (Fig. 2), which prevents the
invasion of water and decay fungi. To a certain extent, the
decay resistance of bamboo is improved [58]. Another
reason is that brown-rot fungi mainly degrade cellulose
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and hemicellulose in bamboo. However, cellulose and
hemicellulose degrade under the high-temperature con-
dition, resulting in the reduction of the infection by
brown-rot fungi.

Effect of oil heat treatment on the anti-mildew property

of bamboo

Figure 10 shows the infection ratio of bamboo sam-
ples. Figure 10a—d are the bamboo samples infected
by three mixed fungi under oil heat treatment at 140,
160, 180 and 200 °C, respectively. Three kinds of mold
are Aspergillus niger, Penicillium citrinum and Tricho-
derma viride. Table 6 shows the mold control efficiency
of the treated bamboo samples. Figure 11 shows the
starch content of bamboo samples before and after
treatment. It can be seen from Fig. 10 that the infec-
tion ratio of samples after oil heat treatment is lower
than that of control group obviously. The untreated
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Table 6 The mold control efficiency of oil heat-treated bamboo

samples
Treatment Mold control efficiency/%

2h 4h 6h
140°C 1233 1235 16.70
160 °C 13.06 51.55 31.87
180 °C 20.14 4853 5155
200 °C 65.70 82.81 92.03

samples are infected on the second day, and the ratio
infection reaches 100% on the 6th day. The mold con-
trol efficiency of oil heat treatment at 140 °C for 2, 4
and 6 h are 12.33%, 12.35% and 16.70%, respectively.
The infection of the samples starts on the fourth day.
And the infection ratio of samples reaches 100% more
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Fig. 10 The infection ratio of untreated and oil heat-treated samples with three mixed fungi:a 140 °C, b 160 °C, ¢ 180 °C, d 200 °C
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Fig. 11 The starch content of untreated and oil heat-treated samples
at varied temperature (140, 160, 180 and 200 °C) for varied time (2, 4
and 6 h)

than 16 days (Additional file 1: Figure S2). Under the
condition, it has a certain effect of anti-mildew, but not
effective. When the temperature is higher than 160 °C,
the average control effect increases significantly. And
when the temperature is constant, the day that bam-
boo begins to be infected is delayed with the increase of
treatment time. The mold control efficiency is obviously
improved. When the temperature is higher than 180 °C,
the infection ratio did not reach 100% after 30 days,
and the infection value of mold growth on bamboo is
1. Furthermore, it can be seen obviously from Addi-
tional file 1: Figure S2 that with the increase of treat-
ment time, the infection ratio of bamboo samples
decreases. After heat treatment at 200 °C for 6 h, the
samples begin to be infected on the 20th day, and only
a few hyphae are found on the surface after 30 days.
The anti-mildew effect is best, the infection ratio is only
29%, and the mold control efficiency of samples is 92%.
Generally speaking, mold growth requires appro-
priate temperature, humidity, oxygen and nutrients.
From the inherent characteristics of materials, chemi-
cal components play an important role in mold growth
on wood, bamboo and other wood fiber materials,
especially the sugar and starch with high content [43].
According to Fig. 11, the starch content decreases with
the increase of oil heat treatment temperature and time.
And the hemicellulose content shows a decreasing
trend (Fig. 5b). Both results indicate that the decrease
of the contents of hemicellulose, moisture and starch
inside the treated samples restrains mold growth. In
addition, due to the blockage of pits (Fig. 2c) and the
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formation of oil film on the surface of the treated bam-
boo, mold is also effectively prevented from entering
the interior of the samples. Consequently, the anti-mil-
dew property of the bamboo is improved.

Conclusions

In this work, bamboo was heated with methyl silicone oil.
The effect of treatment temperature (140 °C —200 °C) and
time (2 h—6 h) on bamboo properties was studied sys-
tematically, including chemical composition, physical and
mechanical properties, surface wettability, decay resist-
ance and anti-mildew property. The goal is to provide
comprehensive process parameters and micro-mecha-
nism for the performance of oil heat treatment of bam-
boo, which can be used to guide the actual production.

After oil heat treatment at 200 °C for 6 h, no starch
granules remain inside the parenchymal cell lumen,
which occurs obviously due to distortions and deforma-
tions. And the pits are blocked by the mixtures formed by
starch and oil condensations.

As a result of oil heat treatment, the lattice spacing of
cellulose crystal region increases and the obtained rela-
tive crystallinity of treated bamboo is higher than that of
untreated bamboo.

With the increase of heat treatment temperature and
time, the content of cellulose and hemicellulose decreases
gradually while relative content of lignin increases due to
its better thermal stability. Accordingly, the surface wet-
tability decreases due to the changes of the surface func-
tional groups and micro-morphologies.

The compressive strength parallel to grain of treated
bamboo samples reaches the maximum value of
109.52 MPa at 160 °C for 2 h.

The maximal resulted bending strength and MOE val-
ues are obtained after oil heat treatment at 180 °C for 2 h,
which are 142.42 MPa and 12,373.00 MPa, respectively.

The decay resistance and anti-mildew property of bam-
boo are dramatically enhanced with increased heat treat-
ment temperature and time. This is mainly attributed to
the blocking of internal channels for nutrient exchange,
the decrease of surface wettability induced by the change
of surface functional groups, and the degradation of poly-
saccharides and starch after oil heat treatment.
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Additional file 1: Figure S1. (a) AFM images of the interface between
the untreated (left) and treated (right) bamboo surface. (b) Corresponding
cross-sectional profile for the green dashed line. Figure S2. Pictures of
untreated sample (a) and the treated samples treated (b1-b3) at 140 °C
for varied time (2 h, 4 h and 6 h), (c1-¢3) at 160 °C for varied time (2 h, 4 h
and 6 h), (d1-d3) at 180 °C for varied time and (e1-e3) at 200 °C for varied
time 2 h,4 hand 6 h), (2 h,4 hand 6 h), respectively.
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