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Abstract 
To prolong the service lives of wood fiber (WF)/poly(lactic acid) (PLA) composites, composites with different contents of 
bis (2,6-diisopropylphenyl) carbodiimide (BDICDI) were prepared. The composites were buried in natural soil for 150 days 
to evaluate the stabilizing effect of BDICDI on the WF/PLA composites. It was also used to evaluate the properties changes 
of WF/PLA composites under extreme conditions. The changes in the chemical structures, molecular weights and thermal 
properties of the WF/PLA composites during soil burial and the stabilization mechanism of BDICDI on the composites were 
studied. The results showed that the addition of BDICDI reacted with both the formed acid and the water absorbed by the 
WF/PLA composites, which inhibited the breaking of ester bonds in the WF/PLA composites. After 120 days of soil burial, 
the tensile strengths of the WF/PLA/1 wt% BDICDI composites were 1.31 times to those of the WF/PLA composites. This 
research provided theoretical support to prolong the service lives of WF/PLA composites and expanded the application 
scope of WF/PLA composites.
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Introduction

By 2016, the global production of petroleum-based plastics 
has reached 335 Million tons and half of these plastics lit-
ter continents and oceans after use [1, 2]. Petroleum-based 
plastics gradually break down into smaller fragments and 
are easily eaten by animals [3–5]. It is estimated that 99% 

 *	 Yanhua Zhang 
	 zhangyanhua@nefu.edu.cn

1	 Key Laboratory of Bio‑Based Material Science 
and Technology, Ministry of Education, Northeast Forestry 
University, Harbin 150040, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-020-01688-w&domain=pdf


1316	 Journal of Polymers and the Environment (2020) 28:1315–1325

1 3

of seabirds will regularly uptake discarded plastic by 2050 
and that such behavior is destructive to birds [6, 7]. Recently, 
plastic residues have also been detected in human bodies 
and have induced negative effects on human bodies, such as 
gastrointestinal dysfunction, reproductive difficulties [8, 9]. 
The main source of plastic pollution is disposable plastics 
with short service lives, such as plastic bags, and agricul-
tural films [10, 11]. In recent years, renewable bioplastics 
are expected to solve the problem of petroleum-based plastic 
pollution. PLA with good biodegradability is a kind of ther-
moplastic biopolyester derived from starch [12]. Although 
PLA shows similar properties to other petroleum-based plas-
tics that widely used in packaging and agriculture fields, 
some properties still need to be improved [13]. Wood fiber 
(WF) is a kind of cheap and nontoxic renewable biomass 
resource. As the structural skeleton of WF/PLA composites, 
wood fiber improves the impact resistance and formability of 
PLA. Additionally, the cost of PLA can be further reduced 
after adding wood fiber [14, 15]. WF/PLA composites are 
completely degradable and have good promotion prospects. 
If eaten by organisms after being discarded, WF/PLA com-
posites can be degraded and excreted from the bodies. WF/
PLA composites still need to maintain a certain stability dur-
ing use. For example, when WF/PLA composites are used 
as plant breeding pots or agricultural films, the composites 
need to maintain a certain mechanical property within a few 
months of plant growth. However, WF/PLA composites are 
very sensitive to the environment. Water from the environ-
ment penetrates into WF/PLA composites through the wood 
fibers, and converts PLA into small molecules [16]. Micro-
organisms from the environment then mineralize and assimi-
late these small molecules during use [17]. The strength or 
stiffness of WF/PLA composites decrease drastically when 
the humidity of the environment is too high [18, 19]. In 
addition, the presence of binding water in WF can hydrolyze 
the ester bonds of PLA during thermal processing, which 
promotes the fracture of the PLA molecular chains [20]. 
WF/PLA composites exhibit poor stability, which greatly 
limits the use and promotion of WF/PLA composites [26]. 
Therefore, it is necessary to find a stabilizer to maintain the 
stability of WF/PLA composites. The PLA stabilizers found 
in the current research are isocyanates, acid chlorides and 
acid anhydrides [21, 22]. These stabilizers can capture the 
bound water released by the WF during thermal processing, 
while stabilizing the ester bond in the PLA to inhibit degra-
dation. Although the addition of these stabilizers improves 
the stability of the composites, the treated PLA is no longer 
completely degradable. Additionally, the stabilizer itself is 
harmful to the environment and cannot be applied to food 
packaging materials or agricultural materials. Bis (2,6-diiso-
propylphenyl) carbodiimide (BDICDI) is not classified as 
a hazardous material by the European Chemicals Agency 
[23]. Also, BDICDI is an effective acid and water removal 

agent, and thus BDICDI hinders the hydrolysis and thermal 
degradation of polyester plastics [24, 25]. It was confirmed 
that the addition of BDICDI effectively inhibited the degra-
dation of WF/PLA composites during processing [26]. How-
ever, the mechanism by which BDICDI affects the stability 
of WF/PLA composites in a real environment has not been 
studied. At the same time, the property changes of WF/PLA 
and WF/PLA/BDICDI composites in real environment also 
needs to be investigated.

In this work, WF/PLA composites with different mass 
contents of BDICDI were buried in real soil condition 
for 150 days. The purpose of this work is to investigate 
the stable effect of BDICDI on WF/PLA composites in a 
real environment, and to explore the stabilization mecha-
nism of BDICDI on WF/PLA/BDICDI composites. At the 
same time, soil burial can also be used to simulate the use 
of composites under extreme conditions, so as to provide 
some references for WF/PLA/BDICDI composites to replace 
disposable plastics with short service lives. Using tensile 
test, differential scanning calorimetry (DSC) and upright 
light microscope, the amount of BDICDI that is suitable for 
WF/PLA composites was explored, and the specific effect 
of BDICDI on the stability of the composites was evalu-
ated. Also, the stabilization mechanism of BDICDI on WF/
PLA composites was investigated by various means. This 
approach provides a theoretical basis for WF/PLA compos-
ites to replace nondegradable petroleum-based plastics and 
to expand the application of WF/PLA composites in daily 
life.

Experimental Section

Materials

PLA (Ingeo 4032D) with a density of 1.24 g cm−3, con-
taining 2% d-lactic acid was purchased from Nature Works 
(USA). Poplar wood fiber (WF) was supplied by Linyi Feng-
ming wood flour factory (Shandong, China). The sizes of 
wood fiber are between 0.56 and 1.12 mm. Bis (2,6-diisopro-
pylphenyl) carbodiimide (AW700) was purchased from Yin 
yuan New Materials Co., Ltd (Guangzhou, China).

Sample Preparation

The PLA pellets was dried in vacuum oven at 80 °C for 
6 h, while wood fiber was dried at 120 °C for 10 h. These 
operations were designed to remove moisture as much as 
possible. Wood fiber, PLA pellets and BDICDI additive 
(Table 1) were extruded with a twin-screw extruder (SHJ-
20, Nanjing Jeante Co., Ltd.). The ratio of the quality of 
various raw materials were shown in Table 1. The tem-
perature in the extruder was 135–175–180–175–135 °C 
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(from hopper to die). Finally, the bones like composite 
samples were obtained through injection molding with 
the following temperature in the injection molding: 
170–175–180–170  °C (JPH180C, Guangdong ONLY 
Machinery Co., Ltd.).

All the samples were buried in the campus of Xinhua 
Printing Factory (Harbin, China), and the samples were 
buried at a depth of 10–15 cm. From 2018-Apr-28 to 2018-
Sep-25, the average precipitation of each month is 25 mm, 
65 mm, 55 mm, 80 mm, 160 mm, 45 mm (from Apr. to 
Sep.). And the average temperature of each month dur-
ing soil burial is 5.8 °C, 12.8 °C, 20.1 °C, 22 °C, 20.3 °C, 
14.1 °C(from Apr. to Sep.). Samples buried in the soil were 
removed every 30 days and washed with distilled water for 
three times. The samples were then dried in a blast oven at 
35 °C for two weeks for subsequent testing.

Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (Tensor II, Bruker) 
using ATR was used to collect the spectra of samples with 
the range of 600–4000 cm−1. The resolution is 4 cm−1 and 
all the data were performing analyzed by using OPUS 7.5 
(Bruker).

X‑ray Photoelectron Spectroscopy (XPS)

The element composition of samples with different burial 
intervals was investigated by XPS (XPS, K-Alpha, Thermo 
Fisher Scientific Co., Ltd). Monochromatic Al Kα radiation 
(1486.6 eV) was used to carry out the analysis.

Gel Permeation Chromatography/Light Scattering 
Instrument (GPC/LS) Analysis

The refractive index increment (dn/dc) for different burial 
intervals were obtained from GPC/LS coupled system with 
a Light Scattering Instrument (DAWN HELEOS II, Ameri-
can) and a Varian 9012Q pump. Tetrahydrofuran was used 
as mobile phase at a constant flow speed of 1 mL/min.

Mechanical Analysis

The tensile strength of the composites with different bur-
ial time were performed by CMT-5504 Universal Testing 
Machine (Shenzhen SANS Test Machine Co., Ltd. China). 
According to the ASTM D638-10, samples was tested at a 
crosshead speed of 5 mm/min. At least five samples were 
tested to get an averaged value.

Light Upright Microscope

Light upright microscope (Olympus, BX53M) was used to 
characterize the surface changes of WF/ PLA composites 
before and after soil burial. All images are integrated the 
microscope hardware setup with the Olympus Stream image 
analysis software.

Differential Scanning Calorimetry (DSC)

Thermal analysis of samples with a weight of 3–5 mg was 
performed using NETZSCH DSC 204 instrument. Samples 
were heated from 20 to 200 °C and kept for 5 min at 200 °C. 
Then, the samples were quenched to − 20 °C and finally 
heated back to 200 °C. All the heating rates were 10 °C/
min. The crystallinity formula used was:

where, ΔH0

m
 is 100% pure crystalline PLA with a melting 

enthalpy of 93.6 J/g. ∆Hm is the melting enthalpy, ∆Hc is 
the cold crystallization enthalpy, ω is ratio of PLA in WF/
PLA composites.

Results and Discussion

Chemical Stability Mechanism

FTIR spectras (Fig. 1) were used to study the chemical 
structures by observing changes in the infrared peaks. Dur-
ing 150 days of soil burial, new peaks belonging to vibra-
tions of amide I (1649 cm−1) and amide II (1540 cm−1) 
were gradually formed in two WF/PLA/BDICDI compos-
ites and the intensities of the peaks gradually increased. In 
the early stage of soil degradation, hydrolysis is the main 
cause of PLA degradation. In addition, the carboxyl acid 
formed by PLA chain cleavage catalyzes the degradation 
of PLA [27, 28]. During the degradation process of PLA, 
carboxylic acid was formed due to the hydrolysis of the ester 
bond. Carboxylic acid in turn promoted the degradation of 
the ester bonds and this phenomenon is called autocatalytic 

(1)Xc =
ΔH

m
− ΔH

c

ΔH0

m

×
100

�

Table 1   The ratio of the quality of various raw materials

Sample PLA/wt% WF/wt% BDICDI/
wt%

1 100 0 0
2 70 30 0
3 70 30 1
4 70 30 3
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degradation of PLA. BDICDI reacts with the water and car-
boxylic acid from the WF/PLA/BDICDI composites, and the 
imine bonds in BDICDI gradually convert to amide bonds 
(Fig. 4) [23, 29]. These two reactions inhibited the degrada-
tion of the composites. As the soil burial time increased, 
C=O stretching of the ester bond (1750 cm−1) shifted toward 
lower wavenumbers. This finding demonstrated that after 
150 days of soil burial, many ester groups in the PLA chains 
were destroyed [30].

In addition, the bending vibration of ester bonds at 
1260 cm−1 was substantially shifted, and the amount of 
BDICDI was negatively correlated with the peak shift 
(Fig. 2) [31]. To explain this phenomenon, XPS analysis 
of the composites was performed to study the changes in 
the functional groups of WF/PLA composites (Fig. 3). The 

Fig. 1   The FTIR spectra of a WF/PLA, b WF/PLA/1 wt% BDICDI, c WF/PLA/3 wt% BDICDI composites before and after soil burial

Fig. 2   Peak shift of three WF/PLA composites at 1260 cm−1
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percentage of different chemical bonds in PLA or PLA 
composites were shown in Tables 2, 3, and 4. C1s peak 
shows the presence of three carbon groups in PLA, includ-
ing C–C/H at 285.00 eV, C–O at 287.46 eV, and O=C–O at 

289.51 eV in PLA [32, 33]. To better analyze the changes 
in functional groups of the WF/PLA composites, the 
changes of pure PLA before and after 150 days of soil 
burial were used as a reference. After 150 days of soil bur-
ial, the proportion of C–C/H bonds in pure PLA decreased 
from 57.45 to 54.27% while the proportions of C–O bonds 
and O–C=O bonds increased, and the increased degree of 
the C–O bonds and C = O bonds were similar (Table 3). 
This finding indicated that one ester bond was broken 
down under the action of water molecules during the deg-
radation process. And a carboxyl group and a hydroxyl 
group were formed. It was demonstrated that the propor-
tional increases in the C–O bonds and O–C=O bonds were 
similar. After 150 days of degradation, the reduction of 
C–C ratio in the WF/PLA composites was 4.37 times to 

Fig. 3   XPS C1s spectra of a PLA, c WF/PLA, e WF/PLA/1 wt% BDICDI composites; XPS C1s spectra of b PLA, d WF/PLA, f WF/PLA/1 
wt% BDICDI composites after soil burial of 150 days

Table 2   The percentage different chemical bonds in PLA

Time (day) PeakBE (eV) Chemical bond Percentage (%)

0 285.00 C–C/H 57.45
287.46 C–O 22.74
289.51 O–C=O 19.82

150 285.00 C–C/H 54.27
287.46 C–O 24.53
289.51 O–C=O 21.21

Table 3   The percentage different chemical bonds in WF/PLA com-
posite

Time (day) PeakBE (eV) Chemical bond Percentage (%)

0 285.00 C–C/H 61.32
287.46 C–O 21.76
289.51 O–C=O 16.91

150 285.00 C–C/H 47.29
287.46 C–O 30.48
289.51 O–C=O 22.23

Table 4   The percentage different chemical bonds in WF/PLA/ 1 wt% 
BDICDI composites

Time (day) PeakBE (eV) Chemical bond Percentage (%)

0 285.00 C–C/H 59.71
287.46 C–O 22.65
289.51 O–C=O 17.64

150 285.00 C–C/H 51.48
287.46 C–O 29.71
289.51 O–C=O 18.81
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that in pure PLA. This difference was attributed to the 
presence of wood fiber, which acted as a transport medium 
for water, thereby promoting the degradation of the WF/
PLA composites [26]. The rising ratios of the C–O and 
O–C=O bonds were still similar. The broken ester bonds 
led to a decrease in the proportion of C–C bonds and simi-
lar increases in the proportions of C–O and O–C=O bonds. 
For the WF/PLA/1 wt% BDICDI composites, the decreas-
ing ratio of C–C/H bonds was 40% lower than that in the 
WF/PLA composites. Moreover, the increasing proportion 
of O–C=O bonds was much lower than the increase in C-O 
bonds. This difference was because BDICDI was not only 
a water scavenger but also an acid scavenger. For WF/
PLA/1 wt% BDICDI composites, BDICDI absorbed the 
water penetrating into the WF/PLA/BDICDI composites 
and inhibited the hydrolysis of PLA. In addition, BDICDI 
reacted with the carboxylic acid formed by the hydrolysis 
of ester bonds, thereby inhibiting autocatalytic degradation 
and enhancing the stability of the WF/PLA composites. 
Therefore, BDICDI played a good stabilizing stabilization 
role and prolonged the service lives of WF/PLA/BDICDI 
composites.    

GPC/LS data of three types of WF/PLA composites 
are shown in Table 5. With the addition of BDICDI, the 
molecular weight of PLA in the WF/PLA/BDICDI com-
posites increased which indicated that BDICDI can be used 
as a chain extender for PLA [24]. As the soil burial time 
increased, the molecular weights of the three WF/PLA 
composite materials all decreased, which was caused by 
the hydrolysis of the ester bonds. The polydispersity index 
(PDI) did not change significantly as the degradation time 
increased. This finding indicated that in the early stage of 
soil degradation, the chain break of PLA was not random 
at the early stage of soil degradation [34]. The ester bonds 
located at both ends of the PLA molecular chains were bro-
ken into small molecules, and small-molecule carboxylic 
acid was formed. BDICDI is sensitive to small-molecule 
carboxylic acid, and thus BDICDI was more effective than 
PLA in reacting with the carboxylic acid formed by soil 
degradation, thereby inhibiting the autocatalytic effect of 

PLA [23, 26, 29]. It was consisted with our hypothesis that 
the BDICDI had stabilizing effect on the biodegradation of 
WF/PLA composites.

The stabilization mechanism of BDICDI on the WF/PLA 
composites is summarized in Fig. 4. As the soil burial time 
increased, the ester bonds on both sides of the PLA molecu-
lar chains were hydrolyzed and broken into small-molecules 
carboxylic acid. The BDICDI reacted with water permeat-
ing into the WF/PLA composites and the small-molecules 
carboxylic acid formed by the breaking of ester bonds. Acyl 
ureas and acid anhydrides were formed during the chemical 
reactions, and no longer affected the degradation of the WF/
PLA composites [22, 24, 29]. BDICDI not only inhibited the 
hydrolysis of PLA chains, but also inhibited the autocata-
lytic degradation of PLA chains. Therefore, BDICDI could 
improve the stability of the WF/PLA/BDICDI composites.

Effects on the Surface Morphology

With increasing of soil burial time, the surface morphologies 
of the three WF/PLA composites exhibited different changes 
(Fig. 5). The color of the WF/PLA composites gradually 
became lighter, and an increasing number of white spots 
appeared on the surfaces of the composites. After 150 days, 
the surfaces of the composites became opaque and almost 
completely whitened. This phenomenon can be explained 
by the infrared image (Fig. 1). The WF contained phenolic 
substances, and the phenolic substances darkened after 
being heated. Therefore, the color of the WF/PLA compos-
ites turned yellow after melting and blending. The peak at 
798 cm−1 (Fig. 1) is the characteristic peak of the benzene 
ring in the phenolic substances in wood [35]. With increasing 
degradation time, this characteristic peak almost disappeared. 
The phenolic substances in the soil were dissolve as the soil 
burial time increased, which indicated that material exchanges 
occurred between the composites and the soil during the soil 
burial process. With the addition of WF, the ability of material 
exchanges between composites and external environment was 
enhanced. After 90 days of soil burial, black cracks gradu-
ally appeared on the surfaces of the WF/PLA composites 

Table 5   GPC/LS data of three 
WF/PLA composites before and 
after soil burial

Time (day) Mn (× 104 g/mol) Mw (× 104 g/mol) PDI (Mw/Mn)

WF/PLA 0 5.227 6.642 1.27
90 4.814 6.047 1.26

150 3.658 4.731 1.29
WF/PLA 1 wt% BDICDI 0 6.888 7.797 1.13

90 5.939 7.039 1.18
150 5.923 6.820 1.15

WF/PLA 3 wt% BDICDI 0 6.767 7.784 1.15
90 6.314 7.293 1.16

150 5.958 7.006 1.17
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without BDICDI. The cracks were caused by the stresses 
applied to the composites and the microbial invasion of the 
soil. In contrast, there were no cracks on the surfaces of the 
WF/PLA/1 wt% BDICDI or WF/PLA/3 wt% BDICDI com-
posites. After 150 days of soil burial, many cracks appeared on 
the surfaces of the WF/PLA composites, whereas only slight 
cracks appeared on the surfaces of the composites containing 
BDICDI. This indicated that BDICDI could stabilize the sur-
face morphologies of the WF/PLA/BDICDI composites, delay 
the cracks generated during its ultilization, and increased the 
service lives of the WF/PLA composites.

Evaluation of Composite Stability

From GPC/LS coupled system, the viscometry-average molec-
ular weight (MV) was determined by using GPC/LS coupled 
system and the Mark- Howink-Sakurada (MHS) equation was 
used to determine the intrinsic viscosity as follow:

where [η] is intrinsic viscosity (mL/g), the K and ‘a’ param-
eters are given by the GPC/LS coupled system. In the MHS 

(2)[�] = KM
a

v

equation, the value of the ‘a’ parameter depends on the 
degree of branching of the polymer chains; moreover, the 
value of the ‘a’ parameter is negatively correlated with the 
degree of branching. Usually, the value of the ‘a’ param-
eter for linear PLA ranges from 0.77 to 0.64 [36]. The val-
ues of the ‘a’ parameter for the WF/PLA/1 wt% BDICDI 
and WF/PLA/3 wt% BDICDI composites were both below 
0.64 (Fig. 6), which indicated that BDICDI linked the PLA 
molecular chains and that the degree of branching of the 
PLA molecular chains was increased. Moreover, the value 
of [η] can be used to obtain an approximate value of hydro-
dynamic radii (Rh) of PLA chains in the tetrahydrofuran 
solvent. The equation to evaluate ‘Rh’ and [η] is as follows: 

where, Mw is the average molecular weight and NA 
(6.022 × 1023 mol−1) is the Avogadro constant. Due to the 
effect of chain extension of BDICDI, the hydrodynamic radii 
of the WF/PLA/BDICDI composites increased compared to 
those of the WF/PLA composites (Fig. 6) [37]. The changes 

(3)Rh =

[

(3 × [η] ×M
w
)

10 × π × N
A

]1∕3

Fig. 4   Mechanism of BDICDI stabilized WF/PLA composites
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in Rh and the ‘a’ parameter confirmed that the reaction 
between BDICDI and PLA led to chain extension/branching.

Changes in the molecular chains of PLA inevitably led 
to changes in the crystallinity of the WF/PLA/BDICDI 
composites. The chemical effects of BDICDI of WF/PLA 
composites reached the limit at a BDICDI concentration of 
1 wt%. Therefore, even with the addition of 3 wt% BDICDI, 
the molecular weight, Rh and ‘a’ values of PLA chains in the 
WF/PLA/BDICDI composites did not change significantly. 
The excess BDICDI further destroyed the crystallization 
(all DSC datas from the second heating), and thus the WF/
PLA 3wt%BDICDI composites got the lowest crystallinity 
(Fig. 7d).

The crystallinity of the three WF/PLA composites 
increased gradually with the respect to the soil burial time 
(Fig. 7). The amorphous region of PLA was more sensitive 

Fig. 5   Surface photos of composites before and after soil burial

Fig. 6   Plots of the hydrodynamic radius and Mark-Houwink-
Sakurada ‘a’ of composites
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to water than the crystallization region. This phenomenon 
can be interpreted as hydrolysis promoting the movement 
of molecular chains in the amorphous region which favors 
their crystallization [38]. Through comparison, the crystal-
linity of the WF/PLA/BDICDI composites increased slowly 
compare to the WF/PLA composites. After 30 days in the 
soil, the crystallinity of the WF/PLA composites increased 
by 14.5%, while that of WF/PLA/1 wt% BDICDI composites 
increased by only 7.9% even after 90 days of degradation. 
This further indicated that BDICDI stabilized the molecular 
chain of PLA, thereby ensuring the stability of the WF/PLA/
BDICDI composites.

During the 150 days of soil burial, the glass transi-
tion temperatures (Tg) of the three composites remained 
basically stable. By the initial stage of the degradation of 
the three WF/PLA composites, the removal of the small 

molecular chains was not able to change the structure of 
the entire PLA molecular chains, which would not affect 
the value of the Tg. This was consistent with the conclu-
sions from the previous chemical mechanism analysis, 
which showed that the degradation of PLA chains took 
place at the chain ends. After 30 days of soil burial, the 
melting (Tm) and cold crystallization temperatures (Tcc) 
of the composites increased, which was also reported in 
elsewhere [39]. It was suggested that the plasticization of 
water and smaller chains of PLA formed by degradation 
would increase the size of PLA crystallites, as well as 
its Tm and Tcc. With further degradation, the PLA crystal 
region was destroyed, which made the energy barrier to be 
overcome lower for PLA recrystallization. Therefore, the 
Tm and Tcc gradually decreased after 90 days of soil burial.

Fig. 7   DSC curves of a WF/PLA, b WF/PLA 1 wt% BDICDI, c WF/PLA 1 wt% BDICDI composites, d degree of crystallinity
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Tensile Strength Changes

Scince WF/PLA composites are used to replace dispos-
able plastics with short service lives, it is important for 
the composites to maintain mechanical stability during 
use. Changes in the tensile strengths of the three WF/
PLA composites under a real-use environment are shown 
in Fig. 8. After the addition of 1 wt% BDICDI, the ten-
sile strengths of the WF/PLA/1 wt% BDICDI composites 
increased slightly. This increase in strength was because 
BDICDI created a strong interaction between WFs 
and BDICDI, which promoted better interfacial adhe-
sion between PLA and WFs [29]. However, thw effect 
of BDICDI was limited. When 3 wt% of BDICDI was 
added to the composites, the excess BDICDI destroyed 
the interface between PLA and WF, which decreased the 
tensile strength.

After 150  days of soil burial, the tensile strengths 
of the composites decreased in different trends. The 
tensile strengths of the unmodified WF/PLA compos-
ites decreased while those of WF/PLA/1 wt% BDICDI 
remained stable from 30 to 120 days. After 120 days of 
soil burial, the tensile strengths of the WF/PLA/1 wt% 
BDICDI composites was 1.31 times to those of the WF/
PLA composites. This showed that adding 1 wt% BDICDI 
effectively stabilized the WF/PLA composites. Although 
the composites containing 3 wt% of BDICDI exhibited 
some stability, the tensile strengths of these composites 
also decreased rapidly due to the structual damage caused 
by the excessive BDICDI.

Conclusions

BDICDI can be used as a chain extender of PLA. The exten-
sion of chains increased the branching of the PLA chains. 
From the mechanism of maintaining the stability of the WF/
PLA composites, BDICDI was a good water removal agent 
and acid scavenger. BDICDI captured water that penetrated 
into the composites. Additionally, BDICDI captured carbox-
ylic acid formed by the hydrolysis of ester bonds to inhibit the 
autocatalytic degradation of PLA. The addition of BDICDI 
effectively maintained the stability of the WF/PLA composites 
during soil burial. The addition of 1 wt% BDICDI had the 
best tensile strength and stabilization effect on the WF/PLA 
composites. After 120 days of soil burial, the tensile strengths 
of WF/PLA/1 wt% BDICDI composites were 1.31 times to 
those of the WF/PLA composites. This study provides a basis 
for WF/PLA/1 wt% BDICDI composites to replace single-use 
plastics as packaging or agricultural materials. And it broadens 
the application of WF/PLA/1 wt% BDICDI composites.
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