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Bamboo is a rich natural resource in the Asia Pacific, and it is widely used in the
construction and decoration industry. Meanwhile, bamboo is an extremely combustible
natural polymer material. Herein, the bamboo slices were treated with melamine and phytic
acid using layer-by-layer (LBL) assembly technology to improve their flame retardancy
properties. The morphology and chemical composition of untreated and treated bamboo
slices were measured by scanning electron microscopy equipped with energy dispersive
X-ray analysis and Fourier transform infrared spectra. The results showed that two-
dimensional melamine—phytate (MP) nanoflakes were successfully formed and
deposited on the bamboo surface. The deposition of the MP coating caused the
earlier degradation of the bamboo to form char, according to thermogravimetric
analysis. The peak heat release rates of the treated bamboo slices were reduced by
more than 28% compared to those of the untreated ones. The MP coating promoted the
formation of thermally stable char, which was responsible for the significant improvement in
flame retardancy. Besides, the char layer with excellent thermal resistance performed a
vital role in suppressing flame spread.

Keywords: bamboo, melamine, phytic acid, LBL, thermal stability, flame retardant

INTRODUCTION

Bamboo is a natural polymer material and a rich natural resource in the Asia-Pacific region (Sharma
etal,, 2015a). As it has the advantages of fast growth, high yield, and excellent mechanical properties,
bamboo has been widely used in the production of bamboo-based composites, for example,
laminated bamboo board, bamboo plywood, bamboo particleboard, and bamboo scrimber
(Verma and Chariar, 2012; Yu et al, 2017a; Zhang et al, 2019). In addition, due to its
characteristic appearance, bamboo has been used as a decorative material for buildings (Hu
et al, 2012). However, bamboo’s flammability results in a potential fire hazard when used in the
indoor environment. Therefore, it is crucial for enhancing bamboo’s flame retardancy.

Many efforts have been devoted to improving the flame retardancy of bamboo. Traditional
methods to improve the flame retardancy of bamboo materials included impregnation (Guo et al.,
2019), copolymerization (Bidsorkhi et al., 2017), and surface coating (Yao et al., 2019). Although the
impregnation method has the advantages of low cost and applicability, it needs to use high-voltage
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equipment. Copolymerization is generally used for the flame
retardancy of acrylic fiber and polyester (Manfredi et al, 2006).
Despite the fact that this composite has substantial flame-retardant
properties, its processing is time-consuming and costly. Surface coating
is directly brushing flame retardant onto materials’ surface, which is a
simple process that effectively improves the flame retardancy of
materials (Yang et al,, 2019). However, the painting process is easy
to cause pollution and endanger the health of operators.

Traditional fire-retarding methods are prompted by the
development of new technology, such as surface grafting (Fei
et al,, 2017), sol-gel methods (Grancaric et al,, 2017), and layer-
by-layer self-assembly (Teng et al, 2019). In recent years, LBL
assembly technology, which is primarily based on the alternating
electrostatic attraction of oppositely charged polyelectrolytes, has
been used to endow bamboo with flame retardancy (Carosio et al,
2017; Wang et al, 2018a). Compared with traditional flame-
retardant methods, the LBL assembly technique can minimize the
risk of environmental pollution. Simultaneously, the LBL assembly
technique is easy to operate under mild conditions (e.g, room
temperature and using water as solvent), and the immersion
solution can be recycled (Li et al, 2011). Therefore, the LBL
assembly technology is superior to the traditional methods
because it has the advantages of simplicity, operability, versatility,
and controllability of thickness at the nanoscale level.

Furthermore, the choice of flame retardant is also particularly
important for improving the flame-retardant properties of bamboo.
Traditional flame retardants are usually abandoned due to their
toxicity and less efficiency (Sharma et al., 2015b; He et al., 2020). The
natural macromolecules become the promising and sustainable
flame retardant for fiber materials, such as chitosan (Xiong et al,
2019), phytic acid (PA) (Cheng et al., 2016; Liu et al., 2021), tannic
acid (Nam et al, 2017; Yang et al, 2018), and protein-based
biomacromolecules (Malucelli et al., 2014). For plant-derived PA,
it has been used as a novel flame-retardant agent due to its inartificial
and phosphorus-rich features; the ability of phosphate groups to
ionically react with positively charged molecules has the premise of
being a polyanionic candidate to develop the flame-retardant
coatings through the LBL assembly technique (Yu et al, 2017b;
Cheng et al,, 2019).

As a critical N-rich organic base, melamine has multiple amino
groups and m—7 stacking capacity (Huang et al., 2012), and PA is
an organic acid that is safe for the environment (Fang et al., 2018;
Wang et al., 2018b). Hence, in this work, the cationic melamine
and anionic PA were synthesized into flame-retardant
melamine-phytate (MP) and deposited on bamboo slices by
the LBL assembly technique. The distribution of MP on the
surface of the bamboo was observed. Besides, the thermal stability
and flame-retardant performances of the treated bamboo slices
were investigated. The residue char was investigated as well as the
flame-retardant mechanism.

EXPERIMENTAL SECTION

Materials
Bamboo slices were provided by Zhejiang ZEN Bamboo Co.,
Ltd. (Hangzhou, China). Melamine (C3HgNg, >95%), phytic
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acid (C¢H,3054Ps, 50 wt%), and acetic acid (CH;COOH, AR,
>99%) were purchased from Aladdin Biochemical Reagent
Co., Ltd. (Shanghai, China). The water used was deionized.
All chemicals and solvents were used without further
purification.

Flame-Retardant Treatment of Bamboo
Slices by LBL Assembly

An anionic polyelectrolyte solution containing 1.5 wt% phytic
acid was prepared, and a cationic polyelectrolyte solution
containing 3.0 wt% melamine was obtained by changing the
pH value of the solution to four using acetic acid. At room
temperature, the melamine and PA solutions were vigorously
mixed until the polyelectrolyte was fully dissolved. The oven-
dried bamboo slices were first dipped in the melamine solution
for 5 min, rinsed with deionized water to eliminate any remaining
polyelectrolytes, and air-dried at room temperature.
Subsequently, the bamboo slices were dipped into the PA
solution for 5min, rinsed with deionized water, and then
dried at 40, 60, and 80°C for 30 min and finally at 103°C. The
process was repeated, and Figure 1A shows the diagrammatic
representation of this technique. For comparison, the bamboo
samples treated with melamine and PA by LBL assembly were
marked as B/MP-BL, and one circle was denoted as one
bilayer (BL).

The weight gain percent (WPG) of the treated bamboo
samples was calculated according to the following formula:
WPG (%) = (M,-M;)/M,, where M, is the oven-dry weight of
bamboo samples before treatment and M, is the oven-dry weight
after treatment.

Characterization

Attenuated total reflection Fourier transform infrared (ATR-
FTIR, Nicolet iN10, Thermo Science, United States) was used
to build the ATR-FTIR spectra of untreated and treated
bamboo with a wavenumber range of 4,000-400 cm™" and a
resolution of 4 cm™'. The morphology of untreated and treated
bamboo and the residue char after combustion test samples
were investigated using a scanning electron microscope
(Quanta FEG250, FEI, United States) at an acceleration
voltage of 20.0kV. The elemental distribution on the
treated bamboo samples’ surface was also observed using
energy dispersive X-ray (EDX). The samples were subjected
to thermogravimetric analysis (TGA) on a thermal analyzer
(Q5000, TA Instruments, United States) in a N, and air
atmosphere at a rate of 20°C/min from 30 to 800°C. The
limiting oxygen index (LOI) was evaluated using an oxygen
index instrument (JF-5, Nanjing Jiangning Ltd., China).

The samples’ combustion tests were performed by a cone
calorimetry test (CCT) (FTT0007, Fire Testing Technology Ltd.,
United Kingdom) according to the ISO 5660-1 procedure. Each
sample (dimensions of 100 x 100 x 5mm’) was made up by
combining bamboo slices with a small amount of
urea-formaldehyde resin glue, and then the samples were
exposed to an irradiance of 50 kW m™. For each treatment,
the test was repeated four times.
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RESULTS AND DISCUSSION

A one-step finishing process was carried out for flame-retardant
bamboo slices; electrostatic absorption was used to deposit
positively charged melamine and negatively charged PA on
bamboo surfaces using the LBL assembly process (Figure 1A).
Here, we illustrate the formation mechanism of
melamine-phytate (MP) via melamine and PA self-assembly
(Figure 1B). The MP was synthesized by ionic attraction and
n-m stacking self-assembly interactions. Melamine with amino
groups can form aggregates when it interacts with acidic sites in
PA. Each molecular structure of PA has six phosphate groups that
can interact with six melamine molecules. The MP was formed by
ionic attractions between MP and m—m stacking self-assembly of
triazine in melamine (Shang et al., 2019).

Flame Retardancy of Bamboo

WPG and ATR-FTIR Analysis

The bamboo slices obtained a linear increase in WPG by
increasing the number of cycles (Figure 2A), and the WPG
of the bamboo slices reached 3.9% after five cycles. It showed
that the content of chemicals on the surface of the bamboo
increased with the treatment times. To understand the loaded
compounds’ chemical composition, ATR-FTIR spectra were
obtained to detect the characteristic groups on the bamboo
surface. As shown in Figure 2B, the peaks at 3,470 and
3,330 cm™' are assigned to typical NH, in melamine (Lv
et al,, 2005). These peaks seem to have disappeared in the
spectrum of B/MP-5BL, which is due to the formation of
-NH3 +0O- in MP (Shang et al., 2019). The bands at
approximately 1,649 cm™ are attributed to O-P-O stretching
vibration for phytic acid (Jiang et al., 2012). A peak at 1,056 cm!
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FIGURE 1 | Diagrammatic illustration of LBL treatment of bamboo slices (A) and the synthetic route of MP (B).
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FIGURE 2 | WPG of treated bamboo with different numbers of assembling cycles (A) and ATR-FTIR of untreated and treated bamboo (B).

——— Melamine —— PA—— Untreated —— B/MP-5BL

W
3470

3330

11649

1 I
’ |
1 |
L1086 N,
1 1
' |
!

1

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Frontiers in Materials | www.frontiersin.org

June 2021 | Volume 8 | Article 690603


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Lin et al.

Flame Retardancy of Bamboo

FIGURE 3 | SEM image of untreated bamboo (A), treated bamboo after five cycles (B, C), and EDX patterns of treated bamboo (D).

n =

Element Weight (%) (d)
C 34.33

(o] 29.68
N 27.90
R 8.09

for the stretching vibration of C-O-C was observed in the
spectrum of untreated bamboo, indicating the existence of
cellulose in bamboo (Sun et al, 2015). Additionally, the
absorbance ratios (O-P-O/C-O-C: A1649/A1056 cm™') of
B/MP-5BL are higher than those of the untreated one,
indicating that phytic acid has been deposited on the bamboo
surface successively (Liu et al., 2018). As a result, this evidence
indicated that MP is obtained and successfully loaded on the
bamboo surface via LBL assembly of melamine and PA.

Morphology of the Treated Bamboo

Figure 3 shows the SEM images of the surface of treated and
untreated bamboo slices. There are no additional substances
observed on the surface of the wuntreated bamboo
(Figure 3A). For the treated bamboo, the MP complex
attached to the bamboo surface irregularly, and the
formation of the microsphere was deposited in the cell
lumen (Figure 3B). Furthermore, the morphology of MP
is a two-dimensional sheet-like structure after LBL assembly
of melamine with PA (Figure 3C). It is attributed to the ionic
attraction and m-m stacking self-assembly (Shang et al., 2019).
Two-dimensional nanomaterials are well known for their
ability as flame retardants as they can delay gas diffusion and
heat transfer (Sun et al., 2019). The elemental composition of
treated bamboo after five cycles is shown in Figure 3D. The P
and N elements were clearly detected in the treated bamboo,
in addition to the C and O elements possessed by bamboo. It
was also confirmed that MP accumulated on the bamboo’s
surface.

Thermal Analysis of the Treated Bamboo
The effect of MP on the thermal stability of bamboo slices was

systematically investigated under nitrogen and air atmospheres,
respectively. TG under the nitrogen atmosphere is used to
simulate the combustion behavior under the surface of the
combustion material. The thermal degradation of the
untreated bamboo can be divided into two stages (Figure 4A).
The thermal degradation of main components of the untreated
bamboo in different temperature ranges is as follows: 200-260°C
for hemicellulose, 240-350°C for cellulose, and 280-500°C for
lignin (Yao et al., 2019). The treated bamboo exhibited the same
two stages of thermal deterioration as the untreated bamboo. For
the treated bamboo, the initial temperature of decomposition is
lower than untreated samples. The thermal decomposition of MP
possibly caused this phenomenon. This phosphorus- and
nitrogen-containing species showed a lower thermal stability
than the matrix, which could decompose in advance to form
char to protect the matrix (Zhang et al., 2014). As predicted, the
char yield increased as the number of MP coating cycles
increased. The thermal decomposition of PA produced acid
species, which promoted the formation of char from bamboo
with plentiful hydroxyl groups. This process could protect the
underlying matrix because it is beneficial for char residue
formation (Qu et al, 2017). Furthermore, gas diffusion and
heat transfer can be slowed by the two-dimensional structure.
Thus, treated bamboo’s thermal stability was improved in the
high-temperature range of 400-800°C. Besides, the maximum
mass loss rate of treated bamboo was lower than that of untreated
bamboo (Figure 4B), which was due to the char inhibiting mass
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FIGURE 4 | TG and DTG profiles of untreated and treated bamboo slices under nitrogen (A, B) and air atmospheres (C, D).
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FIGURE 5 | LOI (A) and TTI (B) of untreated and treated bamboo with different times of the cycle.

transfer and leading to the prevention of further deterioration of
the inner bamboo.

Under the air atmosphere conditions, it was also found from
the TG and DTG curves that there were two degradation
processes in the untreated and treated bamboo (Figures
4C,D). The degradation process is similar to that in the N,
atmosphere. The final residue of B/MP-5BL was 22.7% (the
loading of MP was 3.9%), while the final residue of the
untreated bamboo was 11.6%. As a result, the treated bamboo
samples obtained a much higher char yield than the untreated one
at 800°C. In conclusion, the MP coating is able to favor the

generation of thermal resistance char during the degradation of
bamboo in a remarkable way, protecting the bamboo against
thermal degradation.

Flame-Retardant Property of the Treated
Bamboo

The LOI is a common parameter used for assessing the
flammability of materials, which refers to the minimum
concentration of oxygen in an oxygen-nitrogen mixture. A
higher LOI value indicates better flame-retardant capability

Frontiers in Materials | www.frontiersin.org

June 2021 | Volume 8 | Article 690603


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Lin et al.

Flame Retardancy of Bamboo

A 300
—— Untreated
—8—B/MP-1BL
- 250+ —&— B/MP-3BL
'E —¥— B/MP-5BL
200 -
2
~ 150 4
&
T 100
50
0 T T T T
0 100 200 300 400
Times (s)
C 100 —— Untreated
—e— B/MP-1BL
—_ —A— B/MP-3BL
& 801 —v— B/MP-5BL
"
& 601
£
©
S 404
o
3 201
(14
0 i r r
0 100 200 300 400
Times (s)

FIGURE 6 | Cone calorimetry tests of untreated and treated bamboo with different times of the cycle: HRR (A), THR (B), residual mass (C), and TSP (D).

B 40
—i— Untreated
—e—B/MP-1BL
_ 30| —A—BmP3sL
& —v— B/MP-5BL
£
o
= 201
14
I
= 10-
0
0 100 200 300 400
Times (s)
D 1.81
e 1.51 —m— Untreated
‘D —e—B/MP-1BL
X 1.2 —A— B/MP-3BL
NE —w— B/MP-5BL
Z 091
»
= 08 ook ook b
0.3
0.0
0 100 200 300 400
Times (s)

(Ren et al.,, 2018). The untreated bamboo has a low LOI value of
21.5% (Figure 5A). After coating the bamboo substrate with MP,
the LOI value increases slightly, demonstrating the improvement
in its flame-retardant property.

Furthermore, the flame-retardant properties of untreated
and treated bamboo were investigated by the cone calorimetry
technique. The time to ignition (TTI) of treated bamboo is
slightly higher than that of the untreated one (Figure 5B).
Untreated bamboo released heat fast upon ignition with a peak
heat release rate (HRR) value of 268 kW m™ (Figure 6A).
After deposition of one cycle of MP coating, the peak HRR
value of B/MP-1BL was reduced to 191kW m™2
corresponding to a 28.7% reduction. They were further
increasing the cycles of MP coating, which slightly affected
the peak HRR values. The decreased HRR value suggested that
the combustion process had been suppressed effectively.
Moreover, the incorporation of MP reduces the total heat
release (THR) values from 33.7MJ m™2 for untreated
bamboo to 23.4MJ] m™> for B/MP-5BL, which is 30.6%
lower than that of untreated bamboo (Figure 6B). It is
attributed to the PA, which can be thermally decomposed
into pyrophosphate and polyphosphate to promote the
formation of char and protect the underlying matrix from
burning (Bao et al., 2012). Furthermore, as the number of MP
coating treatment cycles increased, the THR of the treated
bamboo decreased.

As shown in Figure 6C, untreated bamboo loses 80% mass in
120°s. Compared to untreated bamboo, treated bamboo shows a
slower mass loss rate and a lower mass loss. The combustion of
treated bamboo was delayed, that is attributed to the MP promote
the generation of charresidues (Shang et al., 2019). The total
smoke production (TSP) of the untreated bamboo rapidly
reached maximum due to fast combustion (Figure 6D). The
B/MP-1BL exhibited a noticeable reduction (58.8%) and a slight
delay in the TSP. With the increase of processing cycles, the
treated bamboo-produced smoke was further decreased. The TSP
was reduced by 67.1 and 73.5% at B/MP-3BL and B/MP-5BL,
respectively, compared to the untreated bamboo.

Morphology of Char Residues

When the untreated bamboo substrate was ignited, it burned rapidly
and almost entirely, leaving a residue of an insufficient char layer
when it was cooled. Moreover, the cells were exfoliated and separated
for untreated bamboo char due to the poor flame and heat resistance
of natural bamboo (Figure 7A). By contrast, cells in the B/MP-5BL
maintained the same shape and size as before burning (Figure 7B).
Besides, the MP residues were found on the surface of the treated
bamboo char residues. The char can resist heat and mass transfer
even further, slowing the bamboo’s thermal decomposition and
protecting it from being burned further. Besides, the thermal
decomposition of MP produced H,O and NH;, which dilute
oxygen and slow combustion. It made MP act as a mass transfer
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FIGURE 7 | SEM micrographs of untreated bamboo (A) and B/MP-5BL (B) char residues after cone calorimetry tests.

barrier and had a particular protective effect on the bamboo
substrate.

CONCLUSION

This work has shown that melamine and phytic acid made into
melamine-phytate (MP) for improving the flame-retardant
performance of bamboo slices via LBL assembly technology. The
phosphorus- and nitrogen-rich features of the MP made it very
effective to protect the bamboo substrates against thermal
degradation and combustion. Compared to untreated bamboo,
treated bamboo’s peak heat release rate and total heat release
were reduced by more than 28 and 30%, respectively.
Furthermore, the obviously decreased smoke generation capacity
was also achieved. The significant improvement in flame retardancy
was attributed to the MP coating which promoted the formation of
thermally stable char. Thus, MP deposition on bamboo via LBL
assembly technology as a flame retardant requires fewer processing
steps and is more industrially applicable. More work is needed to
evaluate the environmental stability of the MP-coated bamboo slices.
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