
1. Introduction
With the continuous consumption of polymer mate-
rials, the shortage of oil resources not only is further
exacerbated, but also serious ecological environment
pollution is inevitable, so environmentally friendly,
low-carbon, and sustainable bio-based polymer has
been extensively concentrated. Polylactic acid (PLA),
as a new type of biodegradable material efficiently
produced by fermentation from renewable resources
such as corn or potatoes [1], has been widely used
in home textile clothing, packaging materials, and
other fields [2–4] due to its good biodegradability

[5, 6], biocompatibility, gloss, transparency and heat
resistance, as well as certain bacterial resistance and
UV resistance. Unfortunately, some flammable char-
acteristics including only about 18% limit oxygen
index (LOI) and easy to burn in air with severe
molten drop limit PLA application in specific areas
of electronic products packaging and auto industry
[7, 8]. Therefore, research on flame-retardant modi-
fication of PLA is imperative. 
Generally, some flame retardants have been added
to the polymer to obtain flame-retardant polymer
materials [9]. Recently, intumescent flame retardants
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(IFR) have been widely researched because of their
low smoke production, low toxicity, and anti-drip
properties [10]. IFR is composed of an acid source,
carbonization agent, and blowing agent. Currently,
the most widely used IFR system is a mixture of am-
monium polyphosphate (APP), pentaerythritol (PER),
and melamine (MEL). According to the fire tetrahe-
dron theory, flame combustion propagation requires
four elements, including heat, fuel, oxygen as well
as the chain reaction. Flame retardant play one or
more roles in cutting off the contact between the four
elements and the polymer matrix. By forming a car-
bonized layer on the surface of the composite mate-
rial, IFR effectively protects the underlying polymer
from thermal radiation, prevents the diffusion of oxy-
gen, and inhibits the mass transfer of combustible
gas, thus delaying the degradation of the polymer
and reducing the generation of smoke.
However, the carbon layer produced by only adding
IFR generally is brittleness and not very dense, so it
can be easily burst by internal gas pressure and heat
flow, which leads to the flame retardant performance
of the polymer degradation well [11]. Luckily, adding
an appropriate amount of synergistic flame retardant
into IFR can effectively improve the flame retarda-
tion of the polymer. Organometallic compounds [12],
montmorillonite [13], and boron compounds [14–16]
have been studied as a synergistic role of catalyzing
to form good mechanical and high thermal stability
carbon layer. ZSM-5 zeolite is widely used in het-
erogeneous catalysts because of its high specific sur-
face area, clear porosity, good thermal stability, and
ability to limit metal active substances [17]. Espe-
cially, it is very easy to promote char due to good
acidity and has been used as a synergistic agent of
IFR [18]. For instance, Bourbigot and coworkers [19,
20] demonstrated that the addition of a small amount
of 4A zeolite into IFR consisting of APP and PER
promotes thermal stability of the protective carbon
layer formed by zeolite catalyzing being above
550°C. In order to further improve the catalytic cok-
ing ability of ZSM-5, H-ZSM-5 with high acidity
was developed to use as a synergistic agent of IFR
[21]. The results showed that the higher the concen-
tration of acid center is, the better the catalytic effect
between APP and PER becomes and the more con-
ducive to the formation of expansive precursor.
Boron compounds were used as multifunctional
flame-retardant additives for a variety of polymer
materials. It is found that regardless of the type of

boron compounds, the maximum decomposition tem-
perature can be reduced, and the yield of coke can be
increased. Tawiah et al. [22] discussed the effects of
microporous boron-based expandable flame retar-
dants on the flame retardant performance of PLA.
The results show the LOI value of PLA increases
steadily with the increase of the amount of flame re-
tardant to achieve a V-0 rating. The analysis of char
residue shows that the B element improves the
chemical structure of the carbon layer and enhances
the stability of the carbon layer by changing the for-
mation of char residue. Although zeolite and boron-
containing compounds have been widely reported as
synergists, few have combined them to explore their
synergistic effects on IFR [23]. The advantages of
using ZSM-5 catalyst to form carbon and B to im-
prove the carbon layer performance have aroused
our interest in improving the flame retardancy of
PLA. Additionally, B modified ZSM-5 generally be
researched to enhance catalytic ability due to the im-
provement of significant acidity resulting from B
electron deficient property. So, here ZSM-5 was
modified with different B content as a synergist to
be added into the IFR system composed of APP and
PER, and their effects on the flame-retardant per-
formance of PLA were studied in detail.

2. Experimental
2.1. Materials
Polylactic acid (PLA, Ingeo™ Biopolymer 4032D)
was produced by Nature Works Ltd. (USA). Ammo-
nium polyphosphate (APP, CAS:68333-79-9) and
Pentaerythritol (PER, CAS:115-77-5) were offered
by Xipaike Technology Co., Ltd. (Zhengzhou, China).
ZSM-5 molecular sieve (NKF-5D-25NA) was pro-
vided by Nankai University Catalyst Co., Ltd. (Tian-
jin, China). Boric acid (B(OH)3, 10004808) was sup-
plied by Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All the chemicals were used as
obtained without further purification.

2.2. Preparation of B modified ZSM-5 (B/Z5)
First, as shown in Figure 1, 15 g of ZSM-5 was added
to 100 mL of deionized water under ultrasound. Sec-
ondly, 0.464 g of B(OH)3 was added and ultrasoni-
cated for 30 min. After centrifugation, the sample
was dried overnight at 110 °C, calcined at a heating
rate of 2°C/min in a muffle furnace from 25 to 550°C,
and kept at 550 °C for 4 h to obtain 3B/Z5 sample
(3B/Z5 means that the B(OH)3 used to modify
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ZSM-5 is only 3% of the mass of ZSM-5). A series
of 7B/Z5, 10B/Z5, and 14B/Z5 samples could be ob-
tained as the same as the preparation of 3B/Z5 by
changing the addition amount of B(OH)3 to 1.129,
1.67, and 2.44 g, respectively.

2.3. Fabrication of PLA and PLA composites
Firstly, PLA, APP, PER, ZSM-5 (Z5), and a series
of B/Z5 samples were dried under the vacuum at
80°C for 12 h. PLA and PLA composites were fab-
ricated via a twin-screw extruder (SJZS-10A, Wuhan
Ruiming Experimental Instrument Manufacturing
Co., Ltd., China) in the temperature range from 185
to 190 °C at the screw speed of 30 rpm. Finally, the
required model is moulded by injection molding ma-
chine (SZS-15, Wuhan Ruiming Experimental In-
strument Manufacturing Co., Ltd., China). The for-
mula composition and labeling of PLA and PLA
composites are shown in Table 1.

2.4. Characterizations
Fourier transform infrared spectra (FTIR) (Spectrum
Two, Perkin Elmer Instruments Co., Ltd., USA)
were performed within the wavenumber range of

4000–400 cm–1 by the attenuated total reflectance
(ATR) technique at room temperature.
X-ray photoelectron spectrometer (XPS) (AXIS
SUPRA+, Shimadzu Corporation Co., Ltd., Japan)
was used to perform elemental analysis of B/Z5.
The fire behavior for all samples was evaluated by
limiting oxygen index (LOI), vertical burning (UL-
94), and cone calorimeter test (CCT). The LOI was
tested on a Digital Oxygen Index Tester (5801A,
Suzhou Yangyi Vouch Testing Technology Co., Ltd.,
China) with dimensions of 130×6.5×3 mm accord-
ing to ASTM D2863-97. The UL-94 test was per-
formed on a Horizontal-vertical Burning Tester (5402,
Suzhou Yangyi Vouch Testing Technology Co., Ltd.,
China) with a dimension of 130×13×3 mm accord-
ing to ASTM D3801. The CCT was carried out on a
cone calorimeter (6810, Suzhou Yangyi Vouch Test-
ing Technology Co., Ltd., China) with dimensions
of 100×100×3 mm according to ISO 5660 with a
heat flux of 35 kW/m2.
X-ray diffraction (XRD) was carried out using a pow-
der diffractometer (D8 ADVANCEA25, Bruker AXS
Co., Ltd., Germany) at Cu Kα radiation with the wave-
length of 1.54 Å (λ = 1.54 Å) at room temperature.
All the samples were dried in a vacuum at 130°C for
two hours before the XRD test to remove moisture.
In order to observe the morphology of char residue
after CCT, Scanning Electron Microscopy (SEM)
(ZEISS EVO18, Carl Zeiss AG Co., Ltd., Germany)
was used at 15.00 kV.
To investigate the thermal stability of samples, ther-
mogravimetric analysis (TGA) was performed on TA
Instrument (Pyris 1, Perkin Elmer Instruments Co.,
Ltd., USA), all of the specimens were heated from
25 to 790°C at a heating rate of 10 °C/min under N2
atmosphere with a flow rate of 50 mL/min.
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Figure 1. Schematic diagram of the preparation process of
B/Z5.

Table 1. The composition of PLA and PLA composites.

Sample
Composition

[wt%]
PLA APP PER ZSM-5 3B/Z5 7B/Z5 10B/Z5 14B/Z5

PLA 1000 0.0 0.00 0 0 0 0 0
PLAs 85 11.25 3.75 0 0 0 0 0
PLAs/Z5 85 10.50 3.50 1 0 0 0 0
PLAs/3B/Z5 85 10.50 3.50 0 1 0 0 0
PLAs/7B/Z5 85 10.50 3.50 0 0 1 0 0
PLAs/10B/Z5 85 10.50 3.50 0 0 0 1 0
PLAs/14B/Z5 85 10.50 3.50 0 0 0 0 1



3. Results and discussions
3.1. Characterization of B/Z5 samples
To verify whether B was successfully loaded onto
ZSM-5, XPS profiles of different contents of B/Z5
were characterized. Figure 2a shows the full spec-
trum of XPS of B-modified ZSM-5. As can be seen
from Figure 2a, B1s peak (labeled by a red rectan-
gular box in the figure) appears at 193.8 eV [24, 25],
and peak height increases with the increase of B con-
tent. However, the B1s peak is not very easy to ob-
serve due to low loading, so the fine spectrum of B1s
was further analyzed and shown in Figure 2b. The
corresponding binding energies of 3B/Z5, 7B/Z5,
10B/Z5, and 14B/Z5 are 193.7, 193.4, 193.5 and
193.4 eV, respectively. As we all know, the peak of
pure B2O3 is located at 193.8 eV, while the peak of
B(OH)3 is located at 193.4 eV [24]. So, the subtle dif-
ferences in peak positions for different B/Z5 may
have resulted from an increase of B(OH)3 content in
B/Z5 with increasing B loading on ZSM-5, implying
that boric acid is not completely transformed into
B2O3 in the calcination process under high B loading.

As can be also seen from Figure 2b, with the in-
crease of B loading, the peak intensity in the fine
spectrum increases and the peak becomes sharper.
Quantitative analysis of B by XPS shows that the ac-
tual load corresponding to 3B/Z5, 7B/Z5, 10B/Z5,
and 14B/Z5 were 2.57, 3.88, 4.17, and 5.26%, re-
spectively.
Figure 2c shows the FTIR spectra of ZSM-5 and
B/Z5. Two new infrared peaks at 1390 and 673 cm–1

can be detected and gradually increase with the in-
crease of B content. The strong absorption peak at
1390 cm–1 belongs to B2O3, and the weak absorption
peak at 673 cm–1 is attributed to the bending vibra-
tion of B–O–B in the borate network structure [26,
27]. The characteristic peaks at 1218 and 540 cm–1

are caused by the vibration of the characteristic dou-
ble pentacyclic structure in ZSM-5, while the ab-
sorption peak at 790 cm–1 is attributed to the asym-
metric stretching vibration of the internal tetrahedron
of Si(Al)O4 [28]. According to the above XPS and
FTIR results, B was successfully loaded onto
ZSM-5.
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Figure 2. XPS spectra (a) and B1s spectra of 3B/Z5, 7B/Z5, 10B/Z5 and 14B/Z5 (b), FTIR spectra of ZSM-5, 3B/Z5, 7B/Z5,
10B/Z5 and 14B/Z5 (c).



3.2. Thermal degradation behavior of PLA
and PLA composites

The thermal stability of PLA and PLA composites was
tested by thermogravimetric analysis under a nitrogen
atmosphere. TG (Figure 3a) and DTG (Figure 3b)
curves are shown in Figure 3, and the corresponding
specific data are listed in Table 3. Figure 3a shows
all curves have a similar trend and PLA and PLA
composites underwent only one step of degradation.
As can be seen from Table 2, T5% (the initial degra-
dation temperature at 5% weight loss) and T10% (the
initial degradation temperature at 10% weight loss)
of composites containing different contents and dif-
ferent kinds of flame-retardant additives are lower
than those of pure PLA, and T5% as well as T10% are
reduced by 24.6–69.5 and 18.1–25.2 °C, respective-
ly. Additionally, their initial decomposition temper-
ature is in advance. These phenomena are attributed
to the decomposition of APP and the formation of a
semi-coke layer by esterification and cross-linking
between APP and PER, which will reduce the de-
composition of the internal matrix. The correspon-
ding temperatures of T5% and T10% of PLAs/Z5 are
higher than composites added with B/Z5. This is be-
cause B/Z5 has a higher concentration of acidic sites

and better catalytic performance, which makes the
decomposition temperature of APP lower [29]. As
shown in the DTG curve, compared with pure PLA,
the Tmax (the temperature at maximum decomposi-
tion rate) of all composites is shifted to a lower tem-
perature (seen in Table 2). The char yield at 700 °C
was increased to 8.60% for PLAs/14B/Z5 compos-
ites, indicating that B/Z5 and IFR have excellent
synergistic effects in enhancing the charring ability
of PLA.

3.3. Flame retardancy of PLA and PLA
composites

Firstly, LOI and UL-94 test were used to study the
flame retardation of PLA and PLA composites. De-
tailed data is shown in Figure 4 and Table 3. The LOI
of pure PLA is 18.0%, which is ungraded based on
the UL-94 test and accompanied by severe melt-drip-
ping. The LOI of composite with the addition of IFR
is 29.0% and achieves a V-0 rating based on the UL-
94 test. The LOI value of the material increased slight-
ly to 29.8% after the addition of ZSM-5, while the
LOI value of the material increased from 32.7% of
3B/Z5 to 36.0% of 14B/Z5 after the addition of ZSM-
5 loaded B, indicating that there is a good synergistic
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Figure 3. TG (a), DTG (b) curves of PLA and PLA composites under nitrogen atmosphere.

Table 2. The data of PLA and PLA composites after the TG test under a nitrogen atmosphere.

Sample T5%
[°C]

T10%
[°C]

Tmax
[°C]

Char yield at 700°C
(wt%)

PLA 337.2 346.6 366.1 –
PLAs 309.5 326.2 355.8 5.1
PLAs/Z5 312.6 328.5 354.1 7.0
PLAs/3B/Z5 293.8 324.3 358.4 6.6
PLAs/7B/Z5 310.5 327.3 354.8 6.8
PLAs/10B/Z5 267.7 321.4 356.9 6.0
PLAs/14B/Z5 291.3 323.7 357.0 8.6



effect between B/Z5 and IFR. Besides, all PLA com-
posites can reach a V-0 rating in light of the UL-94
test, and the melt-dripping phenomenon is signifi-
cantly improved, indicating that the addition of B
can effectively inhibit melt-dripping [15, 30]. Addi-
tionally, the morphologies of various strips after LOI
testing are also shown in Figure 4. It is obvious that
the pure PLA appears as distinct molten droplets and
no char form during the ignition process, while the
char is obvious after the addition of IFR, and the
amount of char gradually increases with the addition
of ZSM-5 and different contents of B/Z5, displaying
that the introduction of B into ZSM-5 can improve
prominently the LOI value and anti-dripping ability.
LOI value serves as a semi-qualitative indicator of
flame-retardant effectiveness because of the require-
ment of small samples and low heat input. Therefore,
the true fire performance of a material cannot be as-
sessed on the basis of LOI value alone. Fortunately,
cone calorimetry can simulate a real fire to analyze

the burning behavior of materials from multiple an-
gles, so it is a good reflection of the real burning sit-
uation of materials. Here, PLA, PLAs, PLAs/Z5
PLAs/7B/Z5, and PLAs/14B/Z5 were selected to be
analyzed by CCT. Their heat release rate (HRR), mass
loss (Mass), total heat release (THR), and total smoke
rate (TSR) are shown in Figure 5. HRR is commonly
used to assess fire intensity and spread rate. Low HRR
values mean effective flame-retardant performance.
The peak value of the HRR curve (PHRR) represents
the maximum heat release ability of the material in
the whole combustion process. As can be seen from
Figure 5a, the PHRR of pure PLA is 417.77 kW/m2,
and the PHRR of the material decreases to
225.23 kW/m2 after the addition of ZSM-5. The
PHRR ulteriorly reduces to 142.08 and
103.19 kW/m2 for PLAs/7B/Z5 and PLAs/14B/Z5
composites, respectively. Compared with pure PLA,
a maximum reduction of 75% in PHRR can be
achieved. It also can be seen that the HRR curve of
PLA composites presents double peaks with the ad-
dition of IFR and ZSM-5 or B/Z5. The first PHRR is
caused by the initial ignition/combustion of the sur-
face of PLA composites under the introduction of heat
flux. Once the intumescent char is formed due to the
degradation of IFR, it will prevent heat and mass
transfer, resulting in a sharp drop in the PHRR. How-
ever, the constant heat buildup causes the initial intu-
mescent char to crack, which results in the exposure
of the underlying substrate to be attacked by volatile
gases and oxygen, producing the second PHRR. Sub-
sequently, once enough intumescent char covering is
generated again, the flame extinguishes almost im-
mediately because the core of the flame is starved of
oxygen needed for the burning to continue [11].
Flame performance index (FPI) and fire growth
index (FGI) relating to PHRR can well characterize
the potential danger of materials in fire. FPI is the
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Figure 4. LOI value and digital images of PLA, PLAs,
PLAs/Z5, PLAs/7B/Z5 and PLAs/14B/Z5 after
LOI test.

Table 3. LOI and UL-94 data of PLA and PLA composites.

AFT: Average flaming time after the first and second ignitions.

Sample LOI
[%]

UL-94
AFT(s) T1/T2 Dripping Cotton ignition Rating

PLA 18.0 Burned out Y Y NR
PLAs 29.0 1.0/1.1 Y N V-0
PLAs/Z5 29.8 1.0/0.9 Y N V-0
PLAs/3B/Z5 32.7 1.0/1.0 Y N V-0
PLAs/7B/Z5 33.6 1.2/1.3 Y N V-0
PLAs/10B/Z5 34.8 0.9/1.0 Y N V-0
PLAs/14B/Z5 36.0 1.1/1.1 Y N V-0



ratio of the time to ignition (TTI) and PHRR value,
which reflects the flaming degree. The higher the
value of FPI is, the lower the fire risk becomes. The
FGI is the ratio of PHRR value and time to PHRR
(TPHRR), which reflects the spread rate of fire. The
smaller the FGI is, the longer it takes to reach a high
heat release rate peak, and the smaller the fire risk
gets. It can be seen from Table 4 that PLAs/14B/Z5
composite has the largest FPI and the smallest FGI,
so it has the best flame-retardant performance.
Figure 5c shows the relationship of the THR varia-
tion with time for PLA and selected PLA compos-
ites. The THR curve shows that the total heat release
for pure PLA is 92.78 MJ/m2, while the THR of
PLAs, PLAs/Z5, and PLAs/7B/Z5 is basically close

to that of pure PLA, but the heat release time in-
crease obviously. The THR of PLAs/14B/Z5 com-
posite is only 19.26 MJ/m2, which decreases by
about 80% of the THR of pure PLA. Moreover, its
final residual carbon mass reaches 50% of that of
pure PLA (seen in Figure 5b). These suggest that
PLAs/ 14B/Z5 can form the best isolation and pro-
tective carbon layer against the substrate LA’s fur-
ther combustion. On the one hand, APP and PER re-
lease small molecule gases such as H2O and NH3 in
the process of esterification and cross-linking reac-
tion under catalysis of ZSM-5 or B/Z5 resulting from
their strong acidity. These gases can dilute the con-
centration of combustible gas above the combustion
layer and reduce the fuel source from the outside. On
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Figure 5. HRR (a), Mass loss (b), THR (c) and TSP (d) curves of PLA, PLAs, PLAs/Z5, PLAs/7B/Z5 and PLAs/14B/Z5.

Table 4. CCT data of PLA and PLA composites.

Sample TTI
[s]

PHRR
[kW/m2]

THR
[MJ/m2]

Char yield
[%]

Av-EHC
[MJ/kg]

TSR
[m2/m2]

FPI
[m2/(s·kW)]

FGI
[kW/(m2·s)] FRI

PLA 64 417.77 92.78 1.72 20.38 027.75 0.15 1.59 1.00
PLAs 53 347.03 89.98 7.32 22.83 099.78 0.15 1.46 1.12 
PLAs/Z5 47 225.23 92.22 9.15 21.65 801.67 0.21 2.19 0.73 
PLAs/7B/Z5 49 142.08 92.04 9.98 22.48 425.45 0.35 1.44 1.12 
PLAs/14B/Z5 54 103.19 19.26 49.950 19.25 165.46 0.52 1.34 5.71



the other hand, the carbon layer generated by the es-
terification reaction blocks the exchange between in-
ternal and external heat and combustible gas. So, the
heat release and combustion intensity of the material
are significantly reduced in the combustion process. 
Recently, Vahabi et al. [31] reported a general dimen-
sionless criterion of FRI (Flame Retardancy Index,
seen as Equation (1)) to evaluate the flame resistance
of thermoplastic materials. The FRI of PLAs/14B/Z5
composite is 5.71 times that of PLA, showing that
the PLAs/14B/Z5 have good flame retardancy.

[–] (1)

It can be seen from the TSR curve (Figure 5d) that
the smoke production of pure PLA is very small, and
its TSR increases with the addition of IFR and in-
creases sharply with the addition of ZSM-5. Espe-
cially in the scope of 200–400 s, the HRR of the ma-
terial decreases, but the TSR increases linearly
because ZSM-5 catalyzes the decomposition of the
PLA matrix to result in incomplete combustion. But
for PLA composites with B/Z5 added, TSR reduces

with increasing B loading due to the formation of a
more compact carbon layer, showing excellent
smoke suppression [15].

3.4. Char analysis of PLA composites
During the combustion, the morphology and struc-
ture of the char residual were significant parameters
for exploring the flame-retardant mechanism in the
condensed phase. Figure 6 shows the digital photo
of the positive side of the PLA composites and the
SEM images of the corresponding carbon layer after
the CCT. Only a small amount of char residue can
be found for PLAs (seen in Figure 6a1). As shown in
Figure 6b1–6d1, the char residue gradually increases
with the addition of ZSM-5 and B/Z5, and the car-
bon residual value is shown in Table 4. The char
yield of PLAs/14B/Z5 reaches 50%. Figure 6a2–6d2
shows that holes and cracks of the carbon layer sur-
face gradually become less with the introduction of
ZSM-5 and B/Z5. Especially, the enhancement of B
loading in ZSM-5 further reduces the holes and
cracks of the carbon layer surface, even making the
carbon layer surface smooth. The results show that
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Figure 6. Side, front and SEM photographs of char residue after CCT of PLAs (a), PLAs/Z5 (b), PLAs/7B/Z5 (c) and
PLAs/14B/Z5 (d), a1)–d1) the  side photographs, a2)–d2) the  front photographs, a3)–d3) SEM images of char residue.



B has the effect of stabilizing the carbon layer and
making the expanded carbon layer dense and firm.
Thus, a good isolation and protection effect has been
achieved to result in a significant reduction in the
total heat release during the whole combustion
process.
SEM images of char residue after CCT are also shown
in Figure 6a3–6d3. As seen from Figure 6a3–6d3, the
carbon layer of PLAs displays fracture and fragments
surface, indicating that the carbon layer is seriously
damaged. With the addition of B/Z5, the cracking
phenomenon of the carbon layer is significantly sup-
pressed. For example, only a small amount of fracture
and the surface of the carbon layer can be examined
for char residue of PLAs/7B/Z5. The SEM image of
char residue for PLAs/14B/Z5 composite shows that
the surface is flatter and smoother, indicating that
boron can improve the quality of char residue to a cer-
tain extent and ensure the compactness and integrity
of the carbon layer on the surface of char residue. This
means a higher flammability inhibition on materials
in the later stage of combustion [9].
Figure 7 depicts the FTIR spectra of char residues of
PLA, PLAs, PLAs/Z5, PLAs/7B/Z5, and PLAs/14B/
Z5. For pure PLA, the absorption peaks at 1750,
1454, and 1082 cm–1 are assigned to the C–O and
C=O. The characteristic peaks at 1607, 1132, 998,
and 488 cm–1 are related to the C=C bond of the ben-
zene ring structure, C–O–C, P–O–C, and O–P=O
[32, 33]. The char residues with cross-linked struc-
tures can effectively slow down the heat and com-
bustible material transfer between the gas phase and
condensed phase, thus suppressing the combustion

reaction of the underlying substrate. And there are
characteristic peaks of B–O–C and B–O in 1452 and
1189 cm–1 in PLAs/7B/Z5 and PLAs/14B/Z5. This
provides a continuous, dense, and toughness carbon
layer structure [34].

4. Conclusions
In this work, the ZSM-5 molecular sieve modified
B(B/Z5) is successfully prepared. And IFR with B/5
as a synergistic agent endows PLA with excellent
flame retardancy. PLA composites added with 1 wt%
B/Z5 and 14 wt% IFR achieve UL-94 V-0 rating
while the melt-dripping phenomenon is greatly im-
proved, and the LOI value gradually increases to
36.0% with the increase of B loading (PLAs/14B/
Z5). In addition, the addition of B/Z5 makes the de-
composition temperature of the material shift to low
temperature under a nitrogen atmosphere, the carbon
layer is preformed, and the amount of carbon slag
increases significantly. The PHRR and THR of PLA/
14B/Z5 are 75% and 80% lower than that of pure
PLA, respectively. Due to the improvement of the
quality of the boron-silica-containing coke layer, the
heat release, smoke production in the combustion
process, and cracking phenomenon of the carbon
layer are all greatly improved. The combination of
B/Z5 and IFR is a promising method to prepare PLA
composites with outstanding flame retardancy and
anti-dripping properties.
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