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Abstract: With the scarcity of wood resources and calls for “substituting bamboo for wood” and
“substituting bamboo for plastic”, bamboo has gained greater popularity for its abundant reserves
and outstanding mechanical properties. However, Mildew is a common problem for bamboo,
which can significantly reduce the quality and service lives of bamboo products. In this work, a
safe, eco-friendly, controllable and efficient method of gamma-ray irradiation was used to modify
bamboo. The irradiation dose, moisture content (MC), and irradiation dose rate were adopted as
factors of an orthogonal experiment. The results showed that the bamboo strips reached their best
mechanical properties under the condition of irradiation at 150 KGy doses, moisture content of 40%,
and irradiation dose rate of 44 KGy/H. In addition, the change in the chemical composition of bamboo
and mildew resistance was also explored in this paper. The major chemical components (cellulose,
hemicellulose and lignin), as well as starch, were degraded, and the bamboo strips exhibited excellent
mildew resistance after gamma-ray irradiation.

Keywords: gamma ray irradiation; bamboo; physical properties; chemical composition; mildew
resistance

1. Introduction

Due to the constant growth of the world’s economy and population, the demand for
wood and wood-based composites is rapidly increasing [1]. However, the supply of wood
is diminishing as a result of the global need for biomass to generate green energy [2,3].
Bamboo is a taxonomic group of tall grasses with woody jointed stems [4]. Generally,
bamboo can reach 3–30 m in 4 to 6 months and mature in 3 to 6 years [5,6]. It can be found
extensively in the tropics and subtropics of Asia., especially in China, where the bamboo
forest area has reached 6.41 million hectares, ranking among the top in the world [7,8].
Most importantly, bamboo is lightweight, high-strength, tough, and cost-effective, and its
products have low carbon emissions throughout their entire lifecycle [9–11]. Therefore,
bamboo and its production can be used as a substitute for wood and plastic materials in
construction, household products and pipelines [12–14]. However, bamboo contains a lot
of nutrients such as starch, protein, and polysaccharide, making it susceptible to fungus
during processing, transportation and use [15,16]. Therefore, the modification of bamboo is
particularly crucial for its efficient utilization.

At present, chemical and physical modifications are constantly reported to improve the
performance of bamboo [17–20]. By coating, impregnating, pressing, heating and other mea-
sures, chemical modifiers can be added to the bamboo and react with its major content, thus
improving its service life and properties effectively [21–25]. However, chemical modifiers
often contain toxic agents or heavy metal ions, which have poor leaching resistance and can
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cause certain harm to the environment and human health during their application [26–28].
Therefore, a series of improvements have been made to promote their performance, but
their cost is too high to industrialize [29,30]. As one of the most widely used physical
modifications in current industrial production, heat treatment is a process that bamboo
undergoes when heated to a specific temperature for a certain amount of time [31–33]. It
has been proved that the mechanical properties of bamboo can be enhanced under a certain
temperature and heat treatment duration [34–36]. However, excessive temperature and
heat treatment duration greatly reduce the strength of bamboo [37,38]. In addition, heat
treatment is prone to generate a large amount of waste during processing [23,39]. Therefore,
it is urgent to develop a safe, eco-friendly and industrialized method for promoting the
mechanical properties and mildew resistance of bamboo.

The gamma-ray irradiation technique uses radioactive elements, such as 60Co, to
produce gamma rays to provide sterilization, inhibition or the promotion of growth, and
modification of material properties [40–42]. As early as the 1970s, it was found that gamma
rays from 60Co could activate and excite molecules, ultimately leading to chain breakage
and depolymerization or chain cross-linking reactions, which were beneficial for cross-
linking with monomers and wood [43]. In recent years, it has been found that gamma-ray
irradiation can produce some active particles in the main components of wood’s cell
walls, causing a series of changes in wood properties such as molecular structure and
hygroscopicity, mechanical strength, and dimensional stability [44–47]. At the same time,
researchers have also reported that gamma-ray irradiation can reduce the fiber structure
of bamboo [48,49]. However, a systematic study of the physicochemical properties and
mildew resistance of bamboo under gamma-ray irradiation has not yet been reported.

Here, we hypothesize that gamma rays could improve the mechanical properties as
well as mildew resistance of bamboo. Therefore, an orthogonal experiment (L9(33)) was
used to examine the effects of the irradiation dose, MC, and irradiation dose rate on the
physical and chemical properties and the mildew resistance of bamboo strips. Environmen-
tal scanning electron microscopy (ESEM) was used to study changes in the microstructure
of bamboo, while methods such as the National Renewable Energy Laboratory (NREL)
method, X-ray diffractometer (XRD), and Fourier transform infrared spectroscopy (FT-IR)
were used to study changes in its chemical composition. This study has a certain guiding
significance for the industrial gamma irradiation treatment of bamboo.

2. Materials and Methods
2.1. Material

Six-year-old Moso bamboo culms (Phyllostachys pubescens) were purchased from Jiangxi
Zhuangchi Home Technology Co. (Fuzhou, China). The bamboo culms were cut at a height
of 1.5–2.0 m above the ground. Then, the bamboo culms were cut into an average dimension
of 1100 mm × 20 mm × 5 mm (L × T × R) cm3. After removing the bamboo outer and
inner layers, ten groups of bamboo strips were prepared. The orthogonal experiments were
conducted with nine groups, and the remaining group was the control group.

2.2. Method
2.2.1. Gamma-Ray Irradiation

Gamma-ray irradiation treatment was carried out at Anhui Union Radiation Chemical.,
Ltd. (Hefei, China). The radiation source is 60Co-gamma radiation source with 0.7 million
curies. The schematic diagram of gamma-ray irradiation treatment is illustrated in Figure 1,
where Irradiation dose (KGy), MC (%), and irradiation dose rate (KGy/h) were selected as
the factors of the L9(33) orthogonal experiment. Each factor included three levels, as shown
in Table 1. The orthogonal experiment results were analyzed by the analysis of variance
(ANOVA). Six bamboo strips were treated for each group. The results were averaged.
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Figure 1. The schematic diagram of Moso bamboo under gamma ray irradiation treatment.

Table 1. Scheme of orthogonal experiment L9 (33).

Level
A

Irradiation Dose (KGy)
B

MC (%)
C

Dose Rate (KGy/h)

1 50 0 0.88
2 150 60 22
3 250 80 44

2.2.2. Mechanical Properties of Bamboo Strips

The untreated and gamma-ray irradiation-treated bamboo strips were processed into
a dimension of 160 × 10 × 5 mm (L × T × R). The testing procedures for the modulus
of elasticity (MOE), modulus of rupture (MOR) and tensile strength (TS) were performed
according to the GB/T 15780-1995. These experiments were carried out on an electronic
universal testing machine (UTM5105SLXY, Shenzhen Suns Co., Ltd., Shenzhen, China).
All samples were kept under a 65 ± 3% R.H., 25 ± 3 ◦C condition for 2 weeks before the
test. Each experiment was repeated 15 times, and variance analysis was performed for
significance.

2.2.3. FT-IR of Bamboo Strips

The variation in functional groups of bamboo was determined by the VERTEX-80
V (Bruker, Bremen, Germany) infrared spectrometer. It scanned 32 times from 500 to
4000 cm−1 with a resolution of 4 cm−1.
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2.2.4. XRD of Bamboo Strips

The crystallinity of bamboo was determined by diffractometer T-6000 (Malvern Pana-
lytical, Malvern, UK). It scanned from 5◦ to 50◦ at a speed of 2◦/min. The crystallinity (Crl)
and lattice spacing of cellulose were calculated by Equations (1) and (2).

Crl =
I002 − Iam

I002
× 100% (1)

nλ = 2d sin θ (2)

where Crl is the relative crystallinity; d is the lattice spacing; I002 is the diffraction intensity
of the crystal (002) plane; Iam is the diffraction intensity of amorphous; n is the diffraction
series, which is one; λ is the wavelength, which is 0.15406 Å; θ is the peak position.

2.2.5. Major Chemical Composition Determination

The untreated and gamma-ray irradiation-treated bamboo strips were ground into
40~60 mesh powder for the determination. The relative content of major chemical composi-
tions was measured according to the NREL method. The starch content was determined
according to TAPPI’s T419 Starch in the paper.

2.2.6. Surface Morphologies Characterization

The untreated and gamma-ray irradiation-treated bamboo strips were cut into
10 × 5 × 5 mm (L × T × R) for ESEM (Quanta 200, FEI, Eindhoven, Holland) for ob-
servation. The morphologies of the samples were observed with magnification from 800×
to 1600×.

2.2.7. Mass Loss

The bamboo strips used to measure the mass loss were treated in an oven dry. The
mass loss after gamma-ray irradiation could be calculated by Equation (3):

W =
w1 − w2

w1
× 100% (3)

where W is the mass loss ratio; w1 represents the mass of the untreated bamboo strip,
and w2 represents the mass of the gamma-ray irradiation-treated bamboo strip. Each
experiment was repeated 5 times.

2.2.8. Water Absorption Thickness Expansion Rate

The water absorption thickness expansion rate after 24 h was tested according to GB/T
17657-2013. The water absorption thickness expansion rate could be calculated according
to Equation (4):

T =
t2 − t1

t1
× 100% (4)

where T is the water absorption thickness expansion ratio, t1 is the thickness of the bamboo
strips before being immersed in water, and t2 is the thickness of the bamboo strips after
being immersed in water for 3 days.

2.2.9. Mildew Resistance

The mildew resistance test was tested according to GB/T 18261-2013. The area of
mildew infection was measured by Image Pro Plus (Media Cybernetics Inc., Sliver Spring,
MD, USA). The infection value was calculated and evaluated according to Equation (5) and
Table 2, respectively:

E =

(
1 − D1

D0

)
× 100% (5)
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where E is the control efficacy, %; D1 is the average infection value of the gamma-ray
irradiation bamboo strips, and D0 is the average infection value of untreated bamboo strips.

Table 2. Rating for the infection value of mold growth on bamboo.

Rate Area Infected with Bamboo Strips

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

3. Result and Discussion
3.1. Effect of Gamma-Ray Irradiation Treatment on Physical and Mechanical Properties of Bamboo

The results of the orthogonal experiment for mechanical properties are presented in
Table 3. As shown in Table 3, when R1, R2, and R3 were the evaluation indices, the three
factors, A, B, and C, had different impacts, with A being the most influential, followed by
C and then B. The optimal combination of process parameters for bamboo was A2C2B3
(150 KGy-0%-44 KGy/h), the irradiation dose was 150 KGy, the moisture content was
40%, and the irradiation dose rate was 44 KGy/H. The range analysis of MOR, MOE, and
TS is presented in Tables 4–6, respectively. It can be seen from Tables 4–6 that at the 5%
significance level, the irradiation dose had a significant effect on the MOR, MOE, and TS of
bamboo strips and was the main influencing factor.

Table 3. Results of orthogonal experiments and results.

Experimental
Number

Factors

R1 (MPa) R2 (MPa) R3 (MPa)A
(Irradiation
Dose KGy)

B
(Moisture

Content %)

C
(Irradiation
Rate KGy/h)

1 1 1 1 105.33 8.36 108.11
2 1 2 2 106.63 8.63 110.00
3 1 3 3 108.94 8.88 114.25
4 2 1 2 114.65 9.02 110.14
5 2 2 3 122.14 9.29 116.67
6 2 3 1 110.93 8.86 113.12
7 3 1 3 80.23 7.91 70.67
8 3 2 1 79.55 8.09 72.05
9 3 3 2 70.06 7.91 64.05

X1 (R1) 106.97 99.74 98.60
X2 (R1) 115.91 102.78 97.11
X3 (R1) 76.28 96.64 103.44
R (R1) 39.63 6.13 6.33

X1 (R2) 8.62 8.39 8.42
X2 (R2) 9.02 8.65 8.48
X3 (R2) 7.95 8.55 8.69
R (R2) 1.07 0.26 0.28

X1 (R3) 110.79 96.31 97.76
X2 (R3) 113.31 99.57 94.73
X3 (R3) 68.92 97.14 100.53
R (R3) 44.39 3.27 5.80



Forests 2023, 14, 1055 6 of 14

Table 4. Analysis of variance for MOR.

Sources of
Variance

Sum of Squares
for Deviations

Degrees of
Freedom Mean Square F-Value Significance

A 2591.77 2 1295.89 323.01 * 1

B 56.44 2 28.22 7.04
C 65.60 2 32.80 8.18

Error 8.02 2 4.01
Sum 2721.83

1 “*” Indicates significant difference.

Table 5. Analysis of variance for MOE.

Sources of
Variance

Sum of Squares
for Deviations

Degrees of
Freedom Mean Square F-Value Significance

A 1.76 2 0.88 53.39 * 1

B 0.10 2 0.05 3.03
C 0.12 2 0.06 3.79

Error 0.03 2 0.01
Sum 2.01

1 “*” Indicates significant difference.

Table 6. Analysis of variance for TS.

Sources of
Variance

Sum of Squares
for Deviations

Degrees of
Freedom Mean Square F-Value Significance

A 3729.03 2 1864.51 374.87 * 1

B 17.31 2 8.66 1.74
C 50.43 2 25.22 5.07

Error 9.95 2 4.97
Sum 3806.72

1 “*” Indicates significant difference.

With the increasing irradiation dose, the MOR and MOE of the bamboo increased
initially and then decreased. Under the condition of irradiation dose at 150 KGy, the MOR
of the bamboo reached a maximum value of 122.1 MPa, which was 17.29% higher than that
of the untreated bamboo. This may be due to the fact that hemicellulose partially degraded
and produced a small amount of acetic acid at lower irradiation doses [50,51]. Under acidic
conditions, lignin and cellulose underwent cross-linking reactions, which enhanced the
intermolecular forces between those components [48]. This increased the strength of the
cell wall and restricted its movement perpendicular to the grain. With the increase in the
irradiation dose, the MOR reached its minimum value of 70.06 MPa, which was decreased
by 13.45% from that of the untreated bamboo. Lignin degraded, and the benzene ring
structure was destroyed under high irradiation doses [43]. Thus, cellulose lost its support
from lignin. Hemicellulose was degraded and produced a large amount of acetic acid.
Cellulose degradation was accelerated under strongly acidic conditions [52]. In addition,
the degradation of hemicellulose also weakened its binding strength with cellulose and
lignin, which led to a decrease in MOR [53]. Compared with the effect of irradiation
treatment on MOR, the change in MOE was relatively small. MOE increased at low-
dose irradiation treatment due to amorphous cellulose crystallization [54]. Therefore, the
stiffness of the bamboo increased, which resulted in an increase in MOE [55,56]. With further
increases in the irradiation dose, the chemical composition of the bamboo decomposed
significantly, resulting in a drastic decline in the MOE of the bamboo [54].

The TS of bamboo showed an increasing tendency and was followed by a decrease as
the radiation dose increased. The tensile strength of bamboo reached a maximum value of
116.67 MPa at a radiation dose of 150 KGy, which was 12.75% higher than that of untreated
bamboo. This could be due to the esterification reaction of lignin, which enhanced the weak
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interfacial properties of bamboo and thus improved its mechanical strength [57]. As the
radiation dose increased, the lignin degradation rate exceeded its cross-linking rate due to
the side chain cleavage of benzene rings.

3.2. Effect of Gamma-Ray Irradiation Treatment on the Chemical Composition of Bamboo

Figure 2A presents the FT-IR curves of untreated and gamma-ray irradiation-treated
bamboo strips. The peak at 3400 cm−1 and 2900 cm−1 was assigned to the OH stretching
vibration and C-H stretching vibration groups, respectively. With the increase in the
irradiation dose, the peak intensity of functional groups at 3400 cm−1 and 2900 cm−1

decreased. This might have resulted from cellulose degradation and the free hydroxyl
(–OH) polymerizes, which formed aldehyde, ketone or carboxyl groups [18]. The peak
at 1240 cm−1 and 1740 cm−1 was assigned to the C–O strength vibration peak and the
C=O stretching vibrations of hemicelluloses, respectively. The intensity of these peaks at
1240 cm−1 and 1740 cm−1 decreased significantly due to the degradation of hemicellulose
by deacetylation reaction [32]. The peaks at 1513 cm−1, 1600 cm−1, and 1423 cm−1 were the
skeletal vibrations of the benzene ring [58]. With the increase in the irradiation dose, the
peak at 1513 cm−1, 1601 cm−1, and 1423 cm−1 decreased, which indicates the degradation
of lignin.
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Figure 2. Chemical composition variation in bamboo before and after irradiation treatment.
(A). FT-IR curves of untreated and gamma ray irradiation-treated bamboo; (B). XRD curves of
untreated and gamma ray irradiation-treated bamboo.

The XRD curves of untreated and gamma ray irradiation-treated bamboo were demon-
strated in Figure 2B. The (002) plane of cellulose crystal was responsible for the diffraction
peak at 22.00◦, while the (101) and (101) planes of cellulose corresponded to the peak at 15.60◦.

Table 7 shows the variation in the cellulose crystal of untreated and gamma-ray
irradiation-treated bamboo strips. The difference between the diffraction angles of gamma-
ray irradiation-treated and untreated samples is negligible, indicating that gamma-ray
irradiation did not alter the crystalline structure of the bamboo fibers. The relative crys-
tallinity of cellulose reached a maximum value of 46.31% at 150 KGy, which increased
by 5.72% compared with the untreated bamboo strips. This could have been due to the
dehydration condensation of the hydroxyl groups; thus, the amorphous region of cellu-
lose was turned into a crystalline region [59–61]. When the irradiation dose increased to
250 KGy, the relative crystallinity of cellulose reached a minimum value of 43.05. With the
increase in the irradiation dose, acetyl groups of hemicellulose were hydrolyzed to form
acetic acid [50]. The crystalline region of cellulose degraded under acidic conditions [52].
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Table 7. The variation in the cellulose crystal of untreated and gamma ray irradiation treated bamboo strips.

Group 2θ/◦ Relative Crystallinity/% Lattice Spacing/nm

Untreated 21.82 43.82 4.07
50 KGy-0%-0.88 KGy/h 21.96 43.61 4.04

50 KGy-60%-
22 KGy/h 21.88 45.72 4.06

50 KGy-80%-
44 KGy/h 21.90 44.00 4.06

150 KGy-0%-22 KGy/h 21.73 44.43 4.09
150 KGy-60%-44 KGy/h 21.84 46.31 4.07

150 KGy-80%-0.88 KGy/h 21.80 46.10 4.07
250 KGy-0%-22 KGy/h 21.52 43.46 4.13

250 KGy-60%-0.22 KGy/h 21.45 43.73 4.14
250 KGy-80%-44 KGy/h 21.07 43.05 4.21

The normalized relative content of the major chemical components of the untreated
and treated bamboo strips are presented in Figure 3. The results show that with the increase
in the irradiation dose, the relative content of hemicellulose decreased significantly. When
the irradiation dose reached 250 KGy, the relative content of hemicellulose decreased by
40.03%. This indicates that gamma-ray irradiation could enhance the degradation of hemi-
cellulose. The degradation of hemicellulose might improve the dimensional stability, as
well as the antifungal and anti-mildew properties of bamboo products [62]. Although the
FT-IR results showed that cellulose and lignin degraded, the relative content of lignin and
cellulose increased with the increase in the irradiation dose. This increase in the relative
content of lignin and cellulose may have resulted from the fact that the degradation of
hemicellulose was much larger than that of cellulose and lignin. As the major chemical com-
ponent of bamboo, cellulose plays a supporting role, and lignin provides bamboo hardness
and rigidity [36]. At lower irradiation doses, gamma rays could not damage the structure
of cellulose. Meanwhile, cross-linking reactions between cellulose and lignin improved the
mechanical properties of bamboo [48]. With the increase in the irradiation dose, cellulose
was degraded significantly, which resulted in a deterioration in the mechanical properties
of bamboo [63].
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3.3. Effect of Gamma-Ray Irradiation Treatment on the Morphology of Bamboo

The morphology of untreated bamboo in the radial section is shown in Figure 4. The
parenchyma cell wall of the untreated bamboo was rough with a large number of starch
granules, as shown in Figure 4A. Figure 4B presents the morphology of bamboo after
gamma-ray irradiation treatment. The cell wall of bamboo became smooth and had no
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starch granules in the parenchyma cells’ lumen. This is attributed to the polysaccharide
chain break caused by a high dose irradiation [64].
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The reduction in starch was also consistent with the results of the starch content
in Figure 4C. After gamma-ray irradiation treatment, the starch content of bamboo was
significantly decreased by 77.17%. This was due to the drastic vibration of the starch
molecular chain caused by gamma rays and the relaxation of hydrogen bonds, which
unwound the double helix structure and broke the starch polysaccharide chain, thereby
reducing the starch content [65]. The degradation of starch may also improve the antifungal,
antimildew and antibacterial properties.

Figure 4D displays the mass loss of the bamboo strips. The mass loss rate of the bam-
boo strips increased as the irradiation dose increased. When the irradiation dose reached
250 KGy, the mass loss rate of the bamboo strips reached 16.65%. During gamma irradi-
ation treatment, the degradation of the chemical composition of bamboo was inevitable.
This mainly resulted from the degradation of starch and hemicellulose under gamma-ray
irradiation [54].

The results of the water absorption thickness expansion rate for both untreated and
gamma-ray irradiation-treated bamboo strips are shown in Figure 5. It is obvious that the
water absorption thickness expansion rate declined after gamma-ray irradiation. As the
radiation dose increased, the water absorption thickness expansion rate decreased. This
could be attributed to the degradation of cellulose and hemicellulose after gamma-ray
irradiation which decreased the number of free hydroxyl groups [66]. The decrease in
the free hydroxyl group led to a decrease in bamboo hygroscopicity. With the radiation
of doses increasing, the number of free hydroxyl groups was reduced, as shown in the
result of FT-IR (Figure 2A). The decrease in bamboo hygroscopicity was beneficial to the
dimensional stability and mildew resistance of bamboo.
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3.4. Effect of Gamma-Ray Irradiation Treatment on Mildew Resistance of Bamboo

Aspergillus niger, a normal fungus easily infected by bamboo, was used to investigate
mildew resistance. Figure 6 shows the mildew resistance of the untreated and gamma-ray
irradiation bamboo strips. It can be seen that untreated bamboo strips were prone to mildew
infection. The mycelium of Aspergillus niger was observed on the sample on the second
day. It only took eight days for Aspergillus niger mycelium to cover the entire surface of the
untreated bamboo. However, the infection rate of mildew and the final infection rate of the
bamboo strips were alleviated after gamma-ray irradiation treatment. With the increase in
the irradiation dose, the control efficacy of bamboo strips increased significantly. When
the radiation dose was 250 KGy, the control efficacy reached a maximum value of 75.4%.
On the one hand, the degradation of starch and other nutrients by irradiation reduced the
nutrient source required for fungus growth. On the other hand, the cross-linking reaction
and hemicellulose degradation resulted in a significant reduction in the free hydroxyl
group, which reduced the hygroscopicity of bamboo. In addition, gamma rays could pass
through the bamboo strips easily and kill the hidden eggs and dormant spores of insects
and fungi, destroying fungi growth and their reproduction [46].

Forests 2023, 14, x FOR PEER REVIEW 11 of 14 
 

 

gamma rays could pass through the bamboo strips easily and kill the hidden eggs and 

dormant spores of insects and fungi, destroying fungi growth and their reproduction [46]. 

 

Figure 6. Fungi infection of untreated and gamma ray irradiation-treated bamboo. 

3.5. Limitations and Economic Analysis 

The durability of bamboo increased after gamma ray treatment which contributed to 

the long service life of bamboo products and could be used in furniture, construction and 

other applications. However, the characteristics of the bamboo surface influence the man-

ufacturing process of bamboo products and product properties, including the bonding 

strength. In addition, radiation source has a limited-service life. It is also necessary to bal-

ance the treatment fee and product income. Above all, the effect of gamma-ray irradiation 

on manufacturing bamboo products and its economic feasibility needs to be further stud-

ied in the future. 

4. Conclusions 

In this study, gamma-irradiation was used to modify bamboo. The orthogonal exper-

iment was used to systematically analyze the effects of the radiation dose (50 KGy–250 

KGy), moisture content (0%–80%) and radiation dose rate (0.88 KGy/h–44 KGy/h) on the 

mechanical bamboo. The orthogonal experiment results indicated that the optimal process 

parameters for gamma-ray irradiation treatment were A2C2B3 (250 KGy-80%-44 KGy/h), 

while the worst processing parameters were A3C3B3 (150 KGy-60%-44 KGy/h). In addition, 

the most significant factor in the MOR, MOE and TS of bamboo was the irradiation dose. 

The chemical property results revealed that the cellulose, hemicellulose and lignin were 

degraded, especially hemicellulose. The degradation of hemicellulose increased the rela-

tive content of cellulose and lignin. The XRD results showed that gamma-ray irradiation 

treatment could not change the crystal type of cellulose, and the relative crystallinity of 

cellulose increased first and then decreased. The mildew resistance of irradiation-treated 

bamboo was improved effectively. This was mainly due to the degradation of starch and 

the decrease in hygroscopicity, which destroyed mold growth and reproduction. In addi-

tion, future studies should concentrate on whether and how gamma-ray irradiation affects 

bamboo product performance, such as the effect of gamma-ray irradiation on the surface 

and gluing property of bamboo. 

 

Figure 6. Fungi infection of untreated and gamma ray irradiation-treated bamboo.



Forests 2023, 14, 1055 11 of 14

3.5. Limitations and Economic Analysis

The durability of bamboo increased after gamma ray treatment which contributed
to the long service life of bamboo products and could be used in furniture, construction
and other applications. However, the characteristics of the bamboo surface influence
the manufacturing process of bamboo products and product properties, including the
bonding strength. In addition, radiation source has a limited-service life. It is also necessary
to balance the treatment fee and product income. Above all, the effect of gamma-ray
irradiation on manufacturing bamboo products and its economic feasibility needs to be
further studied in the future.

4. Conclusions

In this study, gamma-irradiation was used to modify bamboo. The orthogonal experiment
was used to systematically analyze the effects of the radiation dose (50 KGy–250 KGy),
moisture content (0%–80%) and radiation dose rate (0.88 KGy/h–44 KGy/h) on the mechanical
bamboo. The orthogonal experiment results indicated that the optimal process parameters
for gamma-ray irradiation treatment were A2C2B3 (250 KGy-80%-44 KGy/h), while the
worst processing parameters were A3C3B3 (150 KGy-60%-44 KGy/h). In addition, the most
significant factor in the MOR, MOE and TS of bamboo was the irradiation dose. The chemical
property results revealed that the cellulose, hemicellulose and lignin were degraded, especially
hemicellulose. The degradation of hemicellulose increased the relative content of cellulose
and lignin. The XRD results showed that gamma-ray irradiation treatment could not change
the crystal type of cellulose, and the relative crystallinity of cellulose increased first and then
decreased. The mildew resistance of irradiation-treated bamboo was improved effectively.
This was mainly due to the degradation of starch and the decrease in hygroscopicity, which
destroyed mold growth and reproduction. In addition, future studies should concentrate on
whether and how gamma-ray irradiation affects bamboo product performance, such as the
effect of gamma-ray irradiation on the surface and gluing property of bamboo.
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