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Abstract: Alkali treatment is a prevalent method to enhance the interfacial compatibility of
natural fiber-reinforced polymer composites (NFRPCs). Although the influence of alkali
treatment on the properties of NFRPCs has been extensively investigated, previous studies
have predominantly examined individual factors in isolation, leaving the combined effects
of alkali solution concentration, treatment temperature, and time relatively unexplored. In
this study, an orthogonal experiment was conducted to assess the combined impacts of
alkali solution (NaOH) concentration, treatment temperature, and time on the mechanical
strength, thermal stability, and water absorption of bamboo fiber (BF)/polylactic acid (PLA)
composites. The findings indicated that both the NaOH concentration and temperature
exhibited a statistically significant effect (0.01 < p < 0.05) on the mechanical strength of
BF/PLA composites, while the treatment time had no significant effect. Furthermore, all
three factors had an extremely significant impact (p < 0.01) on the thermal stability of
BF/PLA composites. The water absorption of BF/PLA composites was found to be signifi-
cantly influenced by treatment temperature and time (p < 0.01), while no significant effect
of NaOH concentration was observed. The optimal combination of alkali treatment param-
eters (concentration—5 wt%, temperature—25 ◦C, time—30 min) for BF/PLA composites
was determined. Additionally, it was observed that the water absorption of alkali-treated
BF/PLA composites was lower than that of untreated composites for shorter dipping times,
but higher for prolonged dipping times. This work offers an important reference for the
efficient application of alkali treatment to NFRPCs.

Keywords: bamboo fibers; polylactic acid; alkali treatment; interface compatibility;
mechanical properties

1. Introduction
The growing societal concerns about environmental pollution and the demand for eco-

friendly materials have prompted the adoption of natural plant fiber-reinforced composites
(NFRPCs) as alternatives to petrochemical products. NFRPCs are increasingly gaining
attention due to their environmental friendliness, biodegradability, and low density [1–3].
Some of the plant fibers, derived from the forestry, agriculture, and timber sectors, can
be repurposed as bio-fillings to optimize resource utilization and generate value-added
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commodities [4,5]. However, the utilization of NFRPCs on a large scale presents a significant
obstacle as a result of the incongruity between the hydrophilic nature of plant fibers and the
hydrophobic composition of the polymer matrix [6,7]. To address this issue of interfacial
incompatibility, researchers have tried several chemical treatments such as mercerization,
silylation, acetylation, maleated coupling, and enzyme treatment to modify the surface
properties of plant fibers [8]. Among these treatments, alkali treatment emerged as a
highly effective, cost-efficient, and widely adopted approach for enhancing the interfacial
compatibility between the fibers and polymers [9–11].

Numerous studies have been published regarding the characteristics of polymer com-
posites that are strengthened with plant fibers treated with NaOH [12–16]. It was found that
the concentration, temperature, and time of alkali treatment are important for the properties
of NFRPCs. The existing studies mainly focused on employing a single-factor test to investi-
gate the effects of alkali treatment on the mechanical or thermal properties of NFRPCs. The
concentrations ranged from 0.5 wt% [12] to 30 wt% [13], temperatures ranged from 20 ◦C
to 100 ◦C [14,15], and time ranged from 15 min [12] to several weeks [16]. Large amounts
of time, effort, and money were required to carry out trials to find an optimized solution.
Furthermore, the efficacy of these treatments in enhancing the performance of NFRPCs
was not consistently observed and, in certain cases, was even compromised, particularly
at high concentrations of alkali treatment. Despite the simplicity of the alkali treatment
process, comprehensive information is scarce on the combined impact of alkali treatment
concentration, temperature, and time on the characteristics of NFRPCs. Additionally, there
remains a paucity of research investigating the principal factors of alkali treatment, and
none of the existing studies have reached a definitive conclusion.

This study employed an orthogonal experimental design (OED) to optimize the alkali
treatment parameters to reflect the comprehensive impact on NFRPC performance. OED, a
cost-effective and efficient technique [17], not only minimizes the number of experimental
trials [18], but also effectively highlights the significance of individual factors or their
combinations, aiding in the determination of the optimal levels of each factor for achieving
optimal performance [19]. Bamboo fibers (BFs) are abundantly accessible in China and
possess exceptional mechanical strength and a rapid growth rate compared to other natural
fibers [20–22]. Polylactic acid (PLA) has gained significant attention as a highly promising
biopolymer owing to its remarkable biodegradability [23,24]. Consequently, this study
selected BF/PLA composites as the subject of our research. The present study employed
a three-level–three-parameter OED approach to examine the influence of variables such
as concentration, treatment temperature, and treatment time on the mechanical strength,
thermal stability, and water resistance of BF/PLA composites. The primary objective of this
investigation is to identify the key factors and optimize the optimal process combination
for alkali treatment. The outcomes of this study are expected to offer targeted suggestions
for the preparation of alkali-treated plant fiber-reinforced polymer composites.

2. Materials and Methods
2.1. Materials

Anhui Sentai Wood-Plastic Composite Co., Ltd. (Guangde, China) provided the
bamboo fibers with a size of 150–180 µm. PLA, Class 2003D, was purchased from Na-
ture Works (North Ford, CT, USA). Sodium hydroxide, analytical grade, was obtained
from McLean Chemical Co., Ltd. (Shanghai, China). Deionized water was prepared in
our laboratory.
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2.2. Orthogonal Experimental Design

In the OED experiment, there are three independent variables and three levels of
variation, coded for each factor. The concentration (Factor A), temperature (Factor B), and
treatment time (Factor C) of alkali treatment were chosen as the three independent variables.
The response variables were mechanical strength (flexural strength, flexural modulus, and
impact strength), thermal stability (Tonset and Tmax), and water absorption. Accordingly, an
L9(34) orthogonal array was built to guide the subsequent alkali treatments for bamboo
fibers, as listed in Table 1. Each treatment combination was conducted in triplicate to
ensure the experiments’ accuracy, with a total of 27 trials reported. The data were evaluated
by range analysis, analysis of variance (ANOVA), and multiple comparisons to order the
factors according to the degree of their impacts, thereby identifying the key influencing
factors and optimizing the optimal process combination. This work did not consider the
interactions among the factors.

Table 1. Orthogonal factors, levels, and test combinations of L9 (34).

Number Factor A
Concentration/wt%

Factor B
Temperature/◦C

Factor C
Time/min

Treatment
Combination Embodiments

1 1(A1) 25(B1) 30(C1) A1B1C1 1 wt% NaOH,
25 ◦C, 30 min

2 1(A1) 50(B2) 60(C2) A1B2C2 1 wt% NaOH,
50 ◦C, 60 min

3 1(A1) 75(B3) 90(C3) A1B3C3 1 wt% NaOH,
75 ◦C, 90 min

4 5(A2) 25(B1) 60(C2) A2B1C2 5 wt% NaOH,
25 ◦C, 60 min

5 5(A2) 50(B2) 90(C3) A2B2C3 5 wt% NaOH,
50 ◦C, 90 min

6 5(A2) 75(B3) 30(C1) A2B3C1 5 wt% NaOH,
75 ◦C, 30 min

7 9(A3) 25(B1) 90(C3) A3B1C3 9 wt% NaOH,
25 ◦C, 90 min

8 9(A3) 50(B2) 30(C1) A3B2C1 9 wt% NaOH,
50 ◦C, 30 min

9 9(A3) 75(B3) 60(C2) A3B3C2 9 wt% NaOH,
75 ◦C, 60 min

2.3. Preparation of Composites

The BF/PLA composites were prepared with a hot-pressing process. The bamboo
fibers and PLA were mixed and then melt-blended in an open mixer with a mass ratio of
3:7, with the following parameters: temperature 170 ◦C, speed 40 rpm, and time 5 min. The
resulting mixtures were cooled down to room temperature and then were broken with a
crusher and passed through a 40-mesh sieve. The pelletized material was then molded
into specimens with a hot-press machine (HSXXHC-0) for mechanical flexural and impact
tests. The hot-pressing process was carried out at a temperature of 170 ◦C and a pressure of
8 MPa for 20 min. This step was followed by cold-pressing at a pressure of 4 MPa for 4 min.
Figure 1 shows the preparation process of BF/PLA composites.
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Figure 1. The preparation process of BF/PLA composites.

2.4. Characterization
2.4.1. Thermogravimetric Analysis (TGA)

The thermal stability of the samples was tested on a thermogravimetric analyzer
(TGA2050, Instruments, New Castle, DE, USA). The specimens were subjected to a temper-
ature increase from ambient to 600 ◦C in a nitrogen environment, with a heating velocity of
10 ◦C per minute.

2.4.2. Mechanical Tests

The flexural strength of specimens was tested on a universal testing machine (In-
stron3366, Instron, Norwood, MA, USA) following ASTM D790-2010 [25]. The impact
strength of specimens was measured with a cantilever beam impact tester (KERUI, XJJ5,
Dongguan, China) with the standard practices of ASTM D256-03 [26]. Five rectangular
samples with a size of 80 mm × 10 mm × 4 mm were prepared for each group.

2.4.3. Water Absorption

The water absorption of the obtained composites was measured according to ASTM
5229 [27]. Firstly, the specimens were placed in the oven and dried to a constant weight,
and then they were weighed, and the initial weight was determined (W0). Subsequently,
the specimens were soaked in room-temperature distilled water for the specified duration.
The samples were rapidly wiped of any leftover water on the surface when taken out from
the water and recorded as W1 after being weighed. The same weighing procedure was
repeated within the desired measuring interval. At least three specimens of each group
were tested. The following equation was used to determine the water absorption (WA):

WA =
W1 − W0

W0
× 100 (1)

3. Results
3.1. Analysis of Orthogonal Experiment Results

The range analysis was conducted based on the results of the orthogonal experiment
test, and the corresponding results were displayed as given in Table 2. The range (R) is
defined as the disparity between the maximum and minimum values of k, indicating the
relative significance of each factor’s impact on the assessment criterion [28,29]. The higher
the R, the larger the influence of the factor on the index [30,31]. Changing the level of a
factor with the highest R has a larger impact on the experimental results than changing the
level of a factor with the lowest R [32].



Forests 2025, 16, 123 5 of 14

Table 2. Range analysis of the index parameters obtained by L9 (34).

Indexes
Factors

A B C

Initial degradation
temperature/Tonset

k1 295.74 291.18 294.16
k2 294.11 292.08 295.05
k3 289.52 296.12 290.17
R 6.22 4.95 4.89

Ranking A > B > C

Maximum weight loss peak
temperature/Tmax

k1 345.37 341.96 342.96
k2 342.20 336.16 340.08
k3 334.72 344.18 339.26
R 10.64 8.02 3.70

Ranking A > B > C

Flexure strength/MPa

k1 50.57 52.76 53.23
k2 53.66 49.15 51.33
k3 51.13 53.44 50.79
R 3.09 4.29 2.44

Ranking B > A > C

Modulus of elasticity/GPa

k1 4.68 4.71 4.68
k2 4.57 4.48 4.57
k3 4.50 4.57 4.50
R 0.18 0.23 0.19

Ranking B > C > A

Impact strength/MPa

k1 10.30 11.00 10.72
k2 11.34 11.50 10.88
k3 11.49 10.63 11.53
R 1.19 0.86 0.81

Ranking A > B > C

WA/%

k1 5.15 5.23 4.94
k2 5.22 4.97 5.32
k3 5.15 5.32 5.26
R 0.07 0.34 0.38

Ranking C > B > A

As evident from Table 2, when the mechanical performance was taken as the index,
the degrees of the effect of the factors on the flexural strength, flexural modulus, and impact
strength were as follows: B > A > C, B > C > A, and A > B > C. The treatment temperature
(Factor B) had the greatest effect on flexural strength and modulus, while the treatment
time (Factor C) and concentration (Factor A) had the least effect on flexural strength and
modulus, respectively. The treatment concentration had the greatest effect on the impact
strength, whereas the treatment time had the least effect. When thermal stability was used
as the index, the influence of each factor from strong to weak was in the following order,
A > B > C, with the greatest influence coming from treatment concentration, followed by
treatment temperature, and then treatment time. When the water absorption was taken as
the index, the three factors of alkali treatment can be ranked in order of influence degree: C
> B > A. Obviously, the treatment time had the greatest effect on water absorption, while
the treatment concentration had the least effect.

The ANOVA can identify whether or not the factors are significant [28]. The larger the
F-value, the more significant the influence of that factor [33]. As shown in Tables 3 and 4,
the concentration of NaOH treatment exerted a significant influence (0.01 < p < 0.05) on



Forests 2025, 16, 123 6 of 14

the impact resistance of BFRPCs and a highly significant impact (p < 0.01) on their thermal
stability, but no significant impact on the water absorption. The treatment temperature was
found to have a significant impact (0.01 < p < 0.05) on both the flexural strength and thermal
stability, and an extremely significant impact (p < 0.01) on water absorption. The treatment
duration had an extremely significant influence (p < 0.01) on thermal stability and water
absorption, but no significant effect on impact strength or flexural strength. According to
Tables 3 and 4, for the composites’ thermal stability, the treatment concentration had the
highest F-value (19.50), whereas for the composites’ water absorption, the treatment time
had the highest F-value (9.25). This supported the range analysis results and demonstrated
that the treatment concentration had the greatest impact on thermal stability while the
treatment time had the greatest influence on water absorption.

Based on the ANOVA results, Duncan’s new multiple range test was performed to
evaluate the significant differences among the levels of significant factors. The results
of the correlation analysis are shown in Figure 2. The impact strength of A2 and A3
was significantly higher (0.01 < p < 0.05) than that of A1, but there was no significant
difference between A2 and A3, suggesting that an appropriate increase in alkali treatment
concentration would improve the impact strength of composites, while further increases
in alkali treatment concentration would not result in a significant improvement. The
Tonset and Tmax of A1 and A2 were markedly higher (p < 0.01) compared to A3, with no
significant differences noted between A1 and A2. This suggested that increased treatment
concentrations correlate with reduced thermal stability in the composite materials. Taken
together, A2 was the best level of alkali concentration treatment for achieving high impact
strength and good thermal stability of composites.
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Table 3. Variance analysis results of the effect of different alkali treatments on thermal stability and water resistance of BF/PLA composites.

Source of
Variation df

Tonset
Significance

Tmax
Significance

Water Absorption
Significance Fα

SS MS F SS MS F SS MS F

Repeat 2 47.82 23.9 2.36 38.13 19.1 1.38 0.00 0.0 0.01
Concentration 2 187.34 93.7 9.26 ** 537.75 268.9 19.50 ** 0.004 0.002 0.23 -
Temperature 2 124.92 62.5 6.17 ** 308.80 154.4 11.20 ** 0.27 0.1 13.36 ** F0.05 = 3.55

Time 2 121.83 60.9 6.02 ** 67.94 34.0 2.46 - 0.25 0.1 12.17 ** F0.01 = 6.01
Error 18 182.12 10.1 248.25 13.8 0.18 0.009
Total 26 616.22 1162.74 0.71

An extremely significant difference is signified with “**” (p < 0.01), and no significant difference is signified with “-”.

Table 4. Variance analysis results of the effect of different alkali treatments on the mechanical performance of BF/PLA composites.

Source of
Variation df

Flexural Strength
Significance

Flexural Modulus
Significance

Impact Strength
Significance Fα

SS MS F SS MS F SS MS F

Repeat 2 7.41 3.70 <1 0.24 0.12 <1 0.51 0.25 <1
Concentration 2 48.77 24.39 2.15 - 0.16 0.08 <1 - 7.53 3.77 4.54 *
Temperature 2 95.65 47.82 4.21 * 0.24 0.12 <1 - 3.38 1.69 2.04 - F0.05 = 3.55

Time 2 29.59 14.80 1.30 - 0.16 0.08 <1 - 3.30 1.65 1.99 - F0.01 = 6.01
Error 18 204.46 11.36 2.60 0.14 14.93 0.83
Total 26 378.47 3.16 29.15

A significant difference is signified with “*” (0.01 < p < 0.05), and no significant difference is signified with “-”.
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The Tonset of B3 was considerably higher (p < 0.01) than that of B1, while no significant
differences were found between B3 and B2, or B2 and B1. The Tmax values of B1 and B3
were significantly higher than that of B2, but no significant difference between B1 and
B3 was observed. From the Tonset and Tmax results, it appeared that B1 was the optimal
parameter to reach better thermal stability of BF/PLA composites. The flexural strength of
B1 and B3 was significantly greater (p < 0.01) compared to B2, with no significant difference
observed between B1 and B3. This implied that the flexural strength of the composites can
be effectively enhanced, particularly under the conditions of B1. B3 showed the highest
value in water absorption, significantly different from B2 (p < 0.01). However, the water
absorption showed no significant difference between B1 and B2, indicating that properly
increasing the alkali treatment temperature had very little effect on the water absorption,
but the water absorption increased with further increasing temperature. Generally, the
water uptake behaviors of BF/PLA composites would have a substantial impact on their
long-term durability. Overall, B1 was the most suitable amount of alkali temperature
treatment for composites with high flexural strength and minimal water absorption.

Among the three levels of Factor C, the Tonset of C1 and C2 was significantly higher
(p < 0.01) than that of C3, with no significant difference detected between C1 and C2. This
indicates that extended treatment times could potentially expedite the initial decomposition
of the composite material. The thermal stability of the composite tends to decrease. The
water absorption of composites treated with C2 and C3 was significantly higher (p < 0.01)
than that of C1, implying that the longer the alkali treatment time, the higher the water
absorption of composites. Combined with the thermal stability and water absorption
analysis, C1 was the optimal alkali treatment time for BF/PLA composites.

3.2. Property Analysis of BF/PLA Composites
3.2.1. Mechanical Property Analysis

Figure 3 depicts the effects of NaOH treatment on the flexural strength, flexural
modulus, and impact strength of BF/PLA composites. It can be seen that the flexural
strength and modulus of NaOH-treated BF/PLA composites were higher than those of the
untreated ones (Figure 3a,b), and the NaOH treatment had a greater effect on the flexural
strength than the flexural modulus, which was consistent with previous research [34].
The alkali-treated BF/PLA composites demonstrated increased impact strength except for
group 1 (Figure 3c).

There is growing evidence that alkali treatment has a positive effect on the mechanical
properties of NFRPCs [16,34–36], and our results reinforce this. The increase in mechanical
strength of the treated fiber-reinforced composites was mainly due to the removal of the
impurities from the surface of the fiber with the assistance of NaOH solution, which
improved the interfacial adhesion between the fibers and the matrix, thus ensuring the
transfer of load from the PLA substrate to the bamboo fibers [37]. The possible mechanism
is shown in Figure 4.
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3.2.2. Thermal Stability Analysis

The Tonset (corresponding to a 5% weight loss [38]) and maximum decomposition
temperature (Tmax) were used to assess the thermal stability of the composites, with
corresponding results as shown in Figure 5. Obviously, the treated composites had higher
Tonset and Tmax values than the untreated ones (Figure 5a,b), indicating that alkali treatment
improved the interfacial adhesion between the fibers and PLA matrix, and the energy
required for the movement of the PLA molecular chain was increased [39], thus improving
the thermal stability of the composites. The corresponding TGA curves are shown in
Figure 5c,d, and can be divided into three stages. The composites showed a slight mass loss
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around 50–150 ◦C, presumably due to the loss of adsorbed water molecules. The second
stage was observed at 150–400 ◦C, with the biggest increase in mass loss seen in this stage,
which is mainly related to the decomposition of cellulose, hemicellulose, and PLA. In the
third stage, performed at a higher temperature range (400–600 ◦C), the decomposition of
carbonaceous materials in the composites occurred, leading to minor weight loss.
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3.2.3. Water Absorption Analysis

Figure 6 shows the water absorption of BF/PLA composites. It was found that for
the first five days after immersion, the water absorption of most alkali-treated samples
was lower than that of untreated ones, which was similar to Ramamoorthysk’s study [40].
However, on day 8, it appeared that some alkali-treated composites were absorbing more
water than untreated ones. On day 18, the alkali-treated composites showed significantly
higher water absorption than the untreated ones, a trend that continued until day 40. This
work suggests a mechanism for this, as outlined in Figure 7. It is possible that the alkali
treatment enhanced the interfacial connection between the fibers and the PLA matrix,
reducing the internal porosity of the composites. As a result, the alkali-treated composite
absorbed less water in a short time. However, the alkali-treated fibers had a larger specific
surface area because of the decreased diameter, which caused the fibers to swell throughout
the process of water absorption over time. Consequently, the micro gap between the
alkali-treated bamboo fiber and PLA matrix grew larger, making it possible for the treated
composites to absorb more water than the untreated ones.
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The water absorption of alkali-treated composites was higher than that of untreated
ones after prolonged water immersion, which was in contrast to the findings of most
studies [41,42]. However, given the majority of water absorption studies reported in the
literature [12,43–45] have short durations, it was easy to conclude that alkali treatment
reduces composite water absorption. Regarding the concerns about NFRPCs’ long-term ex-
posure to the environment, it would be more sensible for this work to investigate composite
water absorption over an extended time. NFRPCs’ low resistance to moisture absorption,
which can be a challenging issue that accelerates the aging of composites and shortens their
service life, makes their environmental stability unsatisfactory even though an appropriate
alkali treatment process can improve their mechanical properties and thermal stability.
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4. Conclusions and Discussion
The orthogonal test results of the alkali-treated BF/PLA composites were analyzed by

range analysis, variance analysis, and multiple comparisons analysis. When mechanical
strength was taken as the criterion, both the alkali treatment concentration and the tempera-
ture significantly influenced (0.01 < p < 0.05) the impact and flexural strength of the BF/PLA
composites, while the alkali treatment time failed to produce any significant effect on the
mechanical strength. When the thermal stability was taken as the index, all three factors
of alkali treatment showed an extremely significant effect (p < 0.01). When considering
the water absorption as the index, it was significantly affected (p < 0.01) by the treatment
temperature and time, but was not significantly affected by the treatment concentration.
Through comprehensive evaluation, the superior proportions for alkali treatment were
determined to be 5 wt%, 25 ◦C, and 30 min. Optimizing the BF/PLA composites’ overall
performance can be achieved by combining the factors at their optimal levels.

In summary, this work investigated the main dominant parameters and mechanisms
of alkali treatment on the mechanical, thermal stability, and water resistance properties of
BF/PLA composites, and the optimal combination for alkali treatment was determined.
This not only improved efficiency but also reduced costs and achieved the best perfor-
mance. Furthermore, the alkali-treated composites’ water absorption was found to be
correlated with the length of submersion time, and the water absorption increased with
longer immersion time, which may exert a negative effect on the NFRPC performance
under long-term use conditions. This research offers a significant guide for the design and
fabrication of alkali-treated plant fiber-reinforced polymer composites, as well as for the
environmental considerations necessary for the practical use of natural fiber-reinforced
polymer composites (NFRPCs).
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