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ABSTRACT

In this study, a compound anti-mold agent IPBC/DDAC and an ultraviolet absorber
UV1130 were used to enhance the weatherability of bamboo/polypropylene carbonate (PPC)
composites exposed outdoors. The samples were evaluated by mechanical test, surface color
difference analysis, anti-ageing test and mold resistance test. The results indicated that the
appropriate addition of IPBC/DDAC and UV1130 effectively mitigated the decline in tensile
strength and flexural strength caused by changes in environmental factors; however, their
impact on the variation in impact strength was not as significant. At the same level of
IPBC/DDAC modification, the higher contents of the UV1130 introduction into the
composites, the better surface color stability could be obtained. The introduction of
appropriate amount of IPBC/DDAC and UV 1130 can effectively improve the mold resistance,
water vapor and thermal resistance of bamboo/PPC composite, in which the water vapor
resistant level could be up to Grade 5, and no obvious cracks or bubbling were observed on the
surface of the composites; the anti-mold efficiency of the composites could be above 90%.

KEYWORDS: Bamboo/PPC composite, mechanical properties, anti-ageing, mold resistance,
weatherability.
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INTRODUCTION

As one of the natural and environmentally friendly materials, bamboo is considered
the ideal substitute for wood due to its short growth cycle, renewability and excellent
mechanical properties. Nowadays, bamboo has been widely used in construction, furniture,
packaging and other industries (Ali et al. 2021; Z.Z. Li et al. 2022). However, the main
components of bamboo including cellulose, hemicellulose, lignin, and secondary components
such as sugars and starch, make it prone to be attacked by decay, mold, and insects especially
for outdoor applications (An et al. 2023; Du et al. 2023). Studies have shown that insect
infestations could decompose the bamboo into powder and make holes in the bamboo, which
would seriously reduce the mechanical properties and the appearance quality of bamboo
products (Hao et al.2021). Mold growth on the bamboo products would bring serious damage
for the quality, such as mass loss and discoloration (Chen et al. 2022). Decay not only reduces
the strength of bamboo, but also forms mold spots on the surface of bamboo materials, as
the results, the quality and service life of bamboo products would be reduced (Li et al. 2015).

The most effective method to improve the biodeterioration resistance of bamboo is to use
preservatives for treatment. Among the preservatives, iodopropargylbutylcarbamate (IPBC) is
one of the broad-spectrum organic preservatives that could effectively inhibit a variety of
microorganisms and insects (Han et al. 2022). J. Li et al.(2022) used a sol-gel method to
prepare nano SiO, and further synthesized nano SiO,-IPBC microcapsule fungicides, which
were applied to rubberwood. The anti-mold experimental results showed that the SiO,-IPBC
microcapsule fungicide with a mass fraction of 1.25% achieved an efficacy of 78.125%
against the Botryodiplodiatheobromae. Didecyl dimethyl ammonium chloride (DDAC) is
another broad-spectrum organic preservative with environmental safety and lower toxicity
(Eller et al. 2021). Cai et al.(2024) investigated the effects of four different anti-mildew agent
treatments on the mechanical properties and anti-mold effectiveness of bamboo products.
Among them, bamboo products impregnated with 0.5% NaBF4+/DDAC demonstrated good
wear resistance and aging resistance during a three-month outdoor aging experiment,
achieving nearly 100% efficacy against Aspergillus niger. Many reports have shown that the
combined preservatives contained IPBC and DDAC could enhance their biodeterioration
resistant efficacy of bamboo.

Bamboo-plastic composites (BPC), reinforced with bamboo fibers and combined with
thermoplastics, possess a range of desirable characteristics including dense texture, higher
mechanical strengths, better dimensional stability and resistance to biological damage
compared to bamboo or plastic (Jin et al. 2020). However, bamboo-plastic composites exhibit
poor weathering resistance when used outdoors, which are mainly due to the
photo-degradation of the hydrophilic groups in bamboo and the break of the plastic molecular
chains caused by ultraviolet and visible light (Chakkour et al. 2024; Jia et al. 2024). In
addition, most synthetic resins commonly used in bamboo-plastic composites are
petroleum-based, which have brought serious negative impacts on the environment and
human health after being discarded, because these waste plastics may take hundreds of years
to decompose naturally and can easily enter the ecosystem and disrupt the ecological balance
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(Elkaliny et al. 2024; Nanda et al. 2022). Therefore, there is an urgent need to select
environmentally friendly resin for bamboo-plastic composites. Polypropylene carbonate (PPC)
synthesized from carbon dioxide and propylene oxide is more environmentally friendly and
excellent biodegradability compared to traditional plastic resins, and posses excellent impact
resistance, good thermal stability, and chemical corrosion resistance (Liang et al. 2022; Song
et al. 2024). PPC is highly biodegradable under natural conditions without toxic gases
production (Szymanek et al. 2024). During microbial biodegradation in vitro, PPC could be
firstly degraded into oligomers, and then decomposed to yield final products of CO, and H,O
(Muthuraj & Mekonnen 2018).

In this study, IPBC, DDAC and ultraviolet absorber UV1130 were selected to modify
bamboo fibers and to prepare bamboo/PPC compositesfor exposure outdoor. The effects of
different modification treatments on the mechanical properties, surface color change and
anti-mold efficacy of bamboo/PPC composites were evaluated.

MATERIALS AND METHODS
Materials
Moso bamboo (Phyllostachys edulis (Carr) H.de Lehaie) purchased from Dechang
County, Sichuan Province, was crushed into powder, and then through 80 mesh sieve; PPC
(molecular weight 10-12x10%) was purchased from Dongguan Zhangmutou Jiatong Plastic
Factory; Mold discharging agent (oily) were purchased from Tianjin Hengdarun Trading Co.,
Ltd; IPBC (AR) and DDAC (AR) from Tianjin Solomon Biotechnology Co., Ltd.

Preparation of weathering-resistant bamboo/PPC composites

A mixture of 100 g of bamboo powder and PPC powder (with a mass ratio of 4:6) was
taken. Then added 2.41% maleic anhydride (MAH), 10.57% nano calcium carbonate
(nano-CaCOs), and 0.81% silane coupling agent (KH550) based on the mass of the
bamboo/PPC mixture, which served as interface modifiers. IPBC and DDAC were selected as
the main active components of the compound anti-mold agents, and UV 1130 was used as the
main component of the anti-aging agent. IPBC/DDAC solution with a concentration of 2.0%
was prepared by weighing 1.0 g of IPBC and 1.0 g of DDAC, respectively, and adding 98.0 g
of 50% anhydrous ethanol. The composite anti-mold agents (IPBC/DDAC) and the anti-aging
agent UV1130 were blended with the interface-modified bamboo/PPC at varying mass ratios,
as outlined in Tab. 1. The selection of mass ratios for IPBC/DDAC and UV1130 relative to
bamboo fibers was informed by preliminary experimental results and prior research(Cai et al.
2024).
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Tab. 1: Weathering resistant modified conditions.

Test group Mass ratio of IPBC/DDAC: bamboo fibers Mass ratio of UV1130: bamboo fibers
Co - -
Cl 1:10
C2 1:10 2:10
C3 3:10
C4 1:10
C5 2:10 2:10
C6 3:10
C7 1:10
C8 3:10 2:10
C9 3:10

After mixed evenly in a small mixer, these experimental materials were spread in
a 250x250x4 mm mold, and hot-pressed at 175°C, 1.6 MPa, for 10 min. Different modified
bamboo/PPC composites (80x10x4 mm) were placed outdoors under natural conditions for
three months, during which the temperature ranged from -13°C to 14°C, with an average
relative humidity of 38%. Samples were collected monthly to assess changes in mechanical
properties, surface quality, and anti-fungal performance, using unmodified composites as
the control group (CO).

Mechanical property tests
Three-point bending test

Referring to GB-T 17657-2022 and GB/T 1449-2005, the composites with the dimension
of 80x10x4 mm were placed on the supports, and the distance between the two supports was
set to 64 mm. Before the experiment, the actual length, width and height of the specimens
were recorded, and 5 repeated specimens were tested for each group. The static flexural
strength was calculated according to the following formula:

_ 3x Fmaxxh

—->7f mere 1
o 2xbxt’ M

where: o, is the static flexural strength of the specimen (MPa), F,, is the maximum load
when the specimen is damaged (N), /; is the distance between the two supports (mm), b is the
width of the specimen (mm), and ¢ is the thickness of the specimen (mm).

Tensile strength test
Referring to GB/T 1447-2005, the dimensions of the test specimen utilized in
the examination were in conformance with those of the test specimen employed in the flexural
performance test. The distance between the fixtures was set to 50 mm. The actual thickness of
the test piece was recorded before the experiment, and 5 samples were repeated in each group.
The tensile strength was calculated according to the following formula:
F

Jl:ﬁ (3)
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where: g; is tensile strength (MPa), F is the yield load, failure load or maximum load (N), b is
the width of the specimen (mm), d is the thickness of the specimen (mm).

Impact strength test

Referring to GB/T 1451-2005, the dimensions of the test specimen utilized in
the examination were in conformance with those of the test specimen employed in the flexural
performance test. The actual thickness of the specimen was recorded before the experiment,
and each group contained 5 repeated specimens. The impact strength of the specimen was
calculated according to the following formula:

_ Ox355
P= (3)

where: P is the impact strength (kJ/m?), Q is the display value (%), D is the notch thickness
(mm), d is the notch width (mm).

Evaluation of the surface quality of the composites after outdoor exposure
Water vapor resistance test

Referring to GB/T 17657-2022, the test of surface resistance to water vapor of
the composites was performed as follows: 200 mL deionized water was added to the
triangular flask and heated to the boiling state. Then, the center part of the specimens was
tightly covered on the flask mouth for 1 h. After that, the surface of the specimens was gently
dried with a paper towel and air dried for 24 h, and then the surface quality of the composites
was evaluated with a four-fold magnifying glass under natural light. The classification
standard of water vapor resistance of the composites according to GB/T 17657-2022 was
shown in Tab. 2.

Tab. 2: Standard for classification the water vapor resistance of the surface quality.

Water vapor resistance level Degree of change
5 No change
4 Slight changes of gloss and/or color
3 Significant changes of color and/or gloss
2 Serious changes of color and/or gloss
1 Bubbling and/or stratification

Thermal cycles resistance test

Referring to GB/T 17657-2022, the test the surface thermal cycles resistance of
the composites was performed as follows: Firstly, the surfaces of the specimens were wiped
and cleaned by dipping a little ethanol in the degreasing gauze. Then, the specimens were
placed in a drying oven at the temperature of 100+2°C for 120 min, after that the specimens
were moved to the refrigerator at the temperature of -15+3°C for 120 min to complete a
complete heat cycle. After four heat cycles, the specimens were placed at room temperature
for 1 h, and were observed from any angle to check the cracks, blisters, and other defects on
the surface of the composites.
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Surface color change analysis

Referring to the CIE1976, the color change of the samples before and after outdoor
exposure test was determined by the Colorimeter NH310 (Shenzhen Guangdong, China). L*
is the brightness value, which ranges from 0 to 100. If AL* is positive, it indicates that
the brightness of the samples after outdoor exposure test is higher than those without outdoor
exposure; on the contrary, and the opposite is true; A* is the red/green axis color parameter,
+Aa* indicates that the color moves to the red end, -Aa* indicates that the color moves to
the green end; b* is the yellow/blue axis color parameter, +Ab* indicates that the color moves
to the yellow end, -Ab* indicates that the color moves to the blue end. The total color change
(AE) is calculated according to the following formula, and the smaller the color difference of
the samples with and without outdoor exposure, the more similar surface color of the samples:

AE = (AL*)? +(Aa*)? +(Ab*)? @

where: AE is the total color difference of the samples with and without outdoor exposure, AL*
is the brightness difference of the samples with and without outdoor exposure, Aa* is the
red-green difference of the samples with and without outdoor exposure, Ab* is the
yellow-blue difference of the samples with and without outdoor exposure.

Inhibition zone test

Referring to GB/T18261-2013, Aspergillus nigerV. Tiegh. was used to evaluate the effects
of different modifications on the anti-mold performance of the samples after three months
outdoor exposure. Potato dextrose agar was used as the culture medium of test organisms.
The specimens were wrapped in multiple layers of newspaper and placed in a sterilization pot at
10007 for 30 min. Once sterilization was complete, the specimens were cooled enough to open
the lid and transferred to a sterile bench. Under sterile conditions, placed both specimens on the
top of the mycelium-filled plate medium with forceps and then covered the lid of the Petri dish
with a membrane. Finally, it was placed in a biochemical incubator with suitable temperature
and humidity for 28 days.

RESULTS AND DISCUSSION

Analysis of mechanical properties change of bamboo/PPC composites
Tensile strength analysis

After three months of outdoor exposure, the tensile strengths of different treated samples
before and after outdoor exposure were showed in Fig. 1. It seemed that except C1, the tensile
strengths of the other groups were decreased to varying degrees, which may be caused by
the adverse effect of the introduction of IPBC/DDAC and UV1130 on the interface bonding.
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Fig. 1: Effect of different modification treatments on the tensile strength of bamboo/PPC
composite.

When the mass ratio between IPBC/DDAC and bamboo fibers were 1:10 and 2:10,
the tensile strength of bamboo/PPC composite before and after outdoor exposure would be
decreased as the UV1130 increased, while when the mass ratio between IPBC/DDAC and
bamboo fibers were increase to 3:10, the result was different that for the samples without
outdoor exposure, the tensile strength would be increased, and for the samples with outdoor
exposure, the tensile strength would be decreased firstly and then increased. After three months
outdoor exposure, the tensile strengths of all the samples were decreased compared to
the samples without outdoor exposure because of the effects of the complicated climate factors
in the natural environment, in which the matrix in the bamboo/PPC composite was prone to
water absorption resulting in the poor interfacial bonding between PPC and bamboo fibers
(Cai et al. 2024). The tensile strengths with small change after outdoor exposure were observed
in the groups of C2, C4 and C7, in which the decline was only 1.52%, 1.22 and 0.41%
demonstrating that the appropriate IPBC/DDAC and UV1130 modification was critical for
the mechanical stability during outdoor exposure.

Flexural strength

The effects of modifications on the flexural strength were showed in Fig. 2. It seemed that
all the samples had different degrees of decline after outdoor exposure, and the decrease in the
groups modified with IPBC/DDAC and UV1130 was lower than that in CO without any
modification, indicating that IPBC/DDAC and UV 1130 modification had the positive effect on
the flexural strength stability during outdoor exposure. The smallest decline of the flexural
strength was observed in C9 group, only 0.61%, followed by C4, C2, C5, C6, C3 and C1 groups,
in which the decline was less than 1.9%. However, the composites in C0, C7 and C8 groups
showed poor flexural strength stability. The decrease of flexural properties was possibly caused
by the photooxidation and photodegradation of bamboo/PPC composites outdoors, as well as
the photodegradation and fracture of PPC molecular chains, which led to the decrease of
interfacial bonding strength of composites (de Lima et al. 2020; Zhong et al. 2020). The results
also indicated that the introduction of an appropriate amount of IPBC/DDAC and UV1130
could effectively provide sufficient protection for the composites.
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Fig. 2: Effect of different treatments on the flexural strength of bamboo/PPC composite.

Impact strength

The effects of different modifications on the impact strength were showed in Fig. 3. It can
be observed that the impact strength of the composites was decreased significantly after three
months of outdoor exposure compared with the values obtained in the tensile strength and
flexural strength. Except for the groups of C2, C3, C5 and C8, the decline in other groups were
more than 5%. The reason could be attributed to the complicated climate factors, such as the
external temperature, humidity, light could impair the toughness and change the internal
structure of the composites (Meng et al. 2024). Compared to C0, the effect of the introduction
of IPBC/DDAC and UV1130 on the impact strength was not very obvious, and also
the appropriate amount was important to keep the impact strength stability.
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Fig. 3: Effect of different treatments on the impact strength of bamboo/PPC composite material.

Analysis of the water vapor and thermal cycles resistance of the composites

The water vapor and heat resistance of bamboo/PPC composites with and without
modifications after three months outdoor exposure is showed in Tab. 3. It seemed that after one
month of outdoor exposure, no obvious cracks or bubbling were observed on the surface of
the composites, which demonstrated that the composites had good water vapor and heat
resistance abilities for short term outdoor exposure. After two months of outdoor exposure,
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only the groups of C1 and C7 modified with the lowest proportion of UV1130, as well as the
group of CO0, could be observed the slight changes of gloss and color on the surface after the
water vapor resistance test, but all the composites behaved good heat resistance. The results had
proved that the UV absorbent UV1130 played an important role in inhibiting the loss of gloss
and discoloration of the composites. The research was consistent with Li et al.(2019), who
found that the coating with higher retention of the organic UV absorbent could be effectively
reduced the damage of ultraviolet degradation and prolong the service life of the material.
After three months of outdoor exposure, the effects of different modifications on the water
vapor resistance and thermal cycles resistance of the composites had become visible. Except for
the composites in the groups of C3, C5 and C6, the other groups of the composites had varying
degrees of gloss loss and discoloration, especially in the groups of C1, C2 and C4, in which
significant changes of color and gloss were observed. Meanwhile, obvious cracking and
bubbling were observed on the surface of the composites in the groups of C0, C1, C4, C8 and
C9. The results demonstrated that UV1130 was essential to improve the weathering resistance
of bamboo/PPC composites for long-term outdoor exposure. The introduction of IPBC/DDAC
would affect the interfacial bonding ability, because a series of complex chemical reactions
would occur between the organic components and the bamboo components (Cai et al.
2024),and the composites with reasonable portions between IPBC/DDAC and bamboo fibers,
such as the groups of C3, C5 and C6, had the excellent water vapor and thermal resistance.

Tab. 3: The water vapor and thermal resistance of PPC/bamboo composites during outdoor

exposure.
Test One month Two months Three months
Water vapor Crack or Water vapor Crack or Water vapor Crack or
number . . . . . .
resistant bubbling resistant bubbling resistant bubbling
Cco 5 No 4 No 4 Yes
Cl 5 No 4 No 3 Yes
C2 5 No 5 No 3 No
C3 5 No 5 No 5 No
C4 5 No 5 No 3 Yes
C5 5 No 5 No 5 No
C6 5 No 5 No 5 No
C7 5 No 4 No 4 No
C8 5 No 5 No 4 Yes
C9 5 No 5 No 4 Yes

Color change of bamboo/PPC composites after outdoor exposure
After three months of outdoor exposure, the color parameters including AL*, Aa* and Ab*
of bamboo/PPC composites with and without any modifications were showed in Tab. 4.
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Tab. 4: Color change of PPC/bamboo fiber composites after outdoor exposure.

Test Lightness difference Red-green axis Yellow-blue difference | Total color difference
number (AL¥) difference (Aa*) (Ab*) (AE*)
Co -0.6 -0.8 -0.5 1.12
Cl 0.3 -0.5 -0.4 0.90
C2 0.2 -0.4 -0.3 0.55
C3 0.4 -0.1 -0.2 0.41
C4 0.5 -0.4 -0.5 1.24
C5 0.2 -0.3 -0.3 0.81
C6 0.1 -0.3 -0.1 0.71
C7 -0.2 -0.5 -14 1.68
C8 0.1 -0.4 -0.7 0.71
C9 0.3 -0.2 -0.5 0.57

It seemed that the lightness of the composites in the group of CO became darker because of
the photodegradation of the chromophore and chromophoric groups in the lignin and
extractives of the composites under the influence of the light, especially ultraviolet light
(Jia et al.2024). While compared to CO, the values of AL* in the composites with different
modifications increased obviously, and except for the group of C7, the values of the other
groups were positive, which demonstrated that the proper proportions of UV1130 and
IPBC/DDAC could provide effective protection for the composites against the complicated
climate factors, such as ultraviolet light, mold, fungus, etc. The values of Aa* and Ab* were
negative, indicating that the surface color of all the composites was greenish and blue.
Oberhofnerova et al.(2017)believed that it was due to the decomposition of the lignin and
the leaching of the extractives by water during outdoor exposure. The values of Aa*, Ab* and
AE* in different groups of the composites varied greatly, and had the same varying tendency, in
which at the same level of IPBC/DDAC modification, the higher contents of the UV1130
introduction into the composites, the smaller the absolute values would be obtained. Overall,
the samples in C3 and C9 presented the better surface color stability.

Analysis of mold resistance of bamboo/PPC composites after outdoor exposure

After three months of outdoor exposure, the mold resistance effectiveness of bamboo/PPC
composites with and without any modifications were showed in Tab. 5 and Fig. 4. It seemed
that the composites in the group of CO would be almost completely infected by Aspergillus
niger, however, the mold resistance of the composites modified with compound fungicide
IPBC/DDAC and UV1130 could be enhanced significantly. When the addition amount of
UV1130 was constant, the mold resistance effectiveness of the composites would increase as
the content of IPBC/DDAC increased, especially when the mass ratio of UV1130 and bamboo
fibers was up to 3:10, the mold resistance effectiveness of all the composites could be more than
94%, and no obvious mold contamination trace was observed on the surface of the composites
as shown in Fig. 3. The results showed that the compound fungicide IPBC/DDAC could
significantly improve the mold resistance of bamboo/PPC composites on Aspergillus niger.
Reinprecht and Kmetova (2014) also reported the similar research results that the beech
plywood modified with the lower concentrations of IPBC and DDAC, could guarantee its

physical and mechanical properties stable, and no significant deterioration after long term
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outdoor exposure.

Tab. 5: Mold resistance effectiveness of the composites after outdoor exposure.

Test number Co Cl C2 c3 C4 C5 C6 C7 C8 C9

Mold resistance

. 0 71.21 | 74.85 | 78.32 | 88.67 | 98.80 | 95.65 | 94.64 | 98.60 | 97.30
effectiveness (%)

Fig. 4: Effect of PPC/bamboo fiber composite on Aspergillus niger.

CONCLUSIONS

This study focused on modified bamboo/PPC composites and comprehensively evaluated
the effects of IPBC, DDAC, and UV absorber UV1130 with different ratios on the mechanical
properties, anti-aging performance, color changes, and anti-mold performance of
the composites. The results indicate that the C2 sample exhibited the best performance in
tensile, flexural, and impact strength, showing a lower overall reduction compared to the other
groups. The samples in C3, C5 and C6 did not show any cracking and bubbling after three
months of outdoor exposure, and the water vapor resistance level was the highest compared
with other groups. The anti-mold efficiency of the composites in C5, C6, C7, C8 and C9 were
above 90%, demonstrating that higher contents of IPBC/DDAC and UV1130 were more
conductive to enhance the anti-mold performance of bamboo/PPC composite. Notably, the
highest anti-fungal efficiency was observed in the C5 group, which had an IPBC/DDAC mass
ratio of 2:10 and a UV 1130 mass ratio of 2:10, with no cracking or blistering after three months
of outdoor exposure. Additionally, this group exhibited moderately high mechanical
performance, and the surface color change remained within an acceptable range. Overall, the
C5 group displayed the best comprehensive performance. These findings suggest that modified
bamboo/PPC composites are well-suited for long-term outdoor applications, providing a
promising solution for durable and sustainable material usage.
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