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Abstract Sodium polyborate (SPB) has been

employed with polyhexamethylene guanidine phos-

phate (PHMGP) to compose a nitrogen-phosphorus-

boron intumescent coating on cotton fabric via a layer-

by-layer (LBL) technique for obtaining excellent

flame retardancy. The infrared spectra and atomic

emission spectra indicate that the PHMGP-SPB mul-

tilayer grows gradually during the assembly process.

Thermogravimetric analysis results show that the

residue char of cotton is greatly enhanced after

treatment with the LBL coating, which has a high

char forming effect on cellulose during testing. The

micro-calorimeter test finds that the assembly coating

drastically decreases the peak heat release rate and

total heat release of cotton fabric as a result of the

catalytic charring effect. Cotton’s burning behavior is

monitored by the flammability test, and the results

show that ten bilayer (BL) coating with only 7.5 wt%

can completely extinguish the flame on cotton sam-

ples. The oxygen index test reveals that the limiting

oxygen index (LOI) of cotton samples is substantially

increased by introducing the LBL coating. When the

BL increases to 20, the LOI value reaches up to 41. The

residual char after burning is analyzed by scanning

electron microscope and infrared spectroscopy, and

the results show the the LBL coating has an intumes-

cent flame-retardant effect on cotton.

Keywords Layer-by-layer � Flame retardant �
Cotton fabric � Intumescent � Self-extinguishing

Introduction

Cotton has excellent characteristics of softness,

breathability and hygroscopicity, etc., so it has been

widely applied to clothing and household and indus-

trial supplies (Wakelyn et al. 2007). However, cotton

belongs to the flammable fibers that might cause fire,

which could gravely damage the security of people’s

life and property. To prevent fire disasters and further

protect people’s lives and wealth, researchers have

made great efforts to develop flame-retardant cotton

fabric (Alongi et al. 2014a; Alongi and Malucelli

2015a, b). Until now, various approaches such as

nanoparticle adsorption (Alongi et al. 2011b; Liu et al.
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2008), the sol-gel process (Alongi et al. 2011a, c) and

plasma treatment (Lam et al. 2011; Shahidi 2014) have

been exploited to confer flame retardancy to textiles by

depositing nanocoatings on the fabric surface (Malu-

celli et al. 2014). However, nanoparticle adsorption

has a limited flame-retardant effect, and other methods

always involve complex physical or chemical steps,

which significantly limit their application.

Recently, a layer-by-layer (LBL) assembly tech-

nique, as a frontier of flame-retardant treatmentmethods

(Malucelli 2016), has attracted extensive attention in

both academic research and industrial applications. As

an evolution of nanoparticle adsorption, the LBL

technique involves alternate physical adsorption of

oppositely charged polyelectrolytes or nanoparticles to

form thin multilayered films on given substrates. This

technique can freely control the nanocoating’s structural

composition and the resulting properties by adjusting the

depositionconditions (pHand concentration, etc.).Apart

from flame retardance, varying deposition materials

have led to the exploitation of LBL assembly nanocoat-

ing with electrical conductivity, anti-ultraviolet, oxygen

barrier and antimicrobial properties. In 2009, Grunlan

et al. first applied the technique to the flame-retardant

treatment of cotton fabric by preparing an LBL thin film

of branched polyethylenimine and Laponite clay plate-

lets (Li et al. 2009). This assembly significantly

improved the thermal stability of cotton fabric. Since

then, the LBL flame-retardant coating has evolved into

various species such as an organic-inorganic hybrid

coating (Alongi et al. 2012b; Carosio et al. 2011; Huang

et al. 2012; Li et al. 2010; Zhang et al. 2013), all-

inorganic coating (Patra et al. 2014) and phosphorus-

based intumescent coating (Alongi et al. 2012a;Apaydin

et al. 2014; Cain et al. 2014; Carosio et al. 2013; Fang

et al. 2015a;Laufer et al. 2012;Yanget al. 2015).Among

the above coatings, the phosphorus-based intumescent

system has the highest efficacy for the suppression of the

flame spread on cotton fabric, attributed to the powerful

combination of a blowing agent, acid and carbon sources

in LBL thin film.When exposed to fire, these ingredients

are transformed into an expanded cellular thermal

insulating layer that separates the internalmaterials from

heat and flame. The first LBL intumescent nanocoating

was demonstrated using LBL assembly of poly(sodium

phosphate) and poly(allylamine) (Li et al. 2011), which

served as an acid source and blowing agent, respectively.

A 20-BL assembly coating (17.5 wt%weight relative to

the untreated sample) could completely extinguish the

flame on cotton fabric. Afterwards, various phosphorous

polyelectrolytes were introduced into the current intu-

mescent coating, such as ammonium polyphosphate

(APP) (Alongi et al. 2012a; Carosio et al. 2012; Fang

et al. 2015b), phytic acid (Laufer et al. 2012), deoxyri-

bonucleic acid (Carosio et al. 2013), poly(vinylphos-

phonic acid) (Wang et al. 2014), poly(phosphoric acid)

(Carosio et al. 2015), phosphorylated cellulose (Pan et al.

2014) and phosphorylated chitin (Pan et al. 2015). Our

group has constructed an intumescent coating of poly-

hexamethylene guanidine phosphate (PHMGP) and

APP, achieving an enhanced flame-retardant effect on

cotton fabric (Fang et al. 2015a). However, organic

phosphorus could lead to problems of color change for

fabrics and odor release and toxicity for humans, and the

intumescentflame-retardant effecton cotton fabric needs

to be further improved.

Remarkably, boron-containing flame retardants

(boric acid and borates, etc.) have a good flame-

retardant effect on cellulosic materials such as cotton

(Mostashari and Fayyaz 2008) and wood (Sogutlu et al.

2011; Yuksel et al. 2014) products. In addition, boron-

containing flame retardants have also drawn great

researcher attention, owing to their characteristics of

outstanding flame resistance and low smoke suppres-

sion (Armitage et al. 1996). Actually, when exposed to

heat, borate is melted, forming a glassy protective layer

that insulates the underlying material from heat and

oxygen (Dogan 2014). Additionally, boron-containing

compounds can promote the formation of char during

burning (Mansour 2012; Xie et al. 2013), performing a

similar flame-retardant mechanism with phosphate in

the condensed phase. What is more, boron and its

cmpounds are widely found in salina, leafy vegetables,

beans, fruits and nuts (Davis et al. 2015). Thus, it can be

seen that boron-containing compounds can be promis-

ing candidates for organic phosphorus flame retardants.

Since 1735, borax has been used as a flame-resistant

finishing for textile fabrics. Apart from textiles, borates

(such as ammonium pentaborate, sodium metaborate,

barium metaborate and zinc borate, etc.) have been

applied in plastics such as polypropylene (Yin et al.

2013), polycarbonate (Yang et al. 2013), polyamides

(Dogan andBayramli 2014;Mohaddes et al. 2014), etc.

Importantly, to further reach excellent flame-retardant

performance, researchers are beginning to focus on the

development of boron-containing intumescent flame-

retardant systems by combining borates with nitroge-

nous and phosphorous compounds (Dogan and
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Bayramli 2011; Dogan et al. 2010). This intumescent

system transforms into multicellular graphitized char

isolating the underlying substrate from outside heat and

oxygenwhen exposed to fire. The introduction of boron

compounds in intumescent flame-retardant systems can

enhance the flame retardancy.

In this article, sodium polyborate (SPB) is intro-

duced to combine with a nitrogenous and phosphorous

ingredient PHMGP in the LBL coating on cotton fabric

to obtain an outstanding flame-retardant property. SPB

is highlywater soluble and able to interact with cationic

polyelectrolytes (e.g., PHMGP), which is very appro-

priate for LBL assembly. Remarkably, SPB-based

coatings have a pronounced, strong fire-retarding effect

on polyethylene terephthalate and polypropylene non-

woven and rigid polyurethane foam (Tsuyumoto et al.

2010, 2011a, b) as a result of the synergy effect of the

polyborate foam layer and the resultant char layer.

Infrared spectroscopy and atomic emission spectrom-

etry were conducted tomonitor the element contents on

the fabric samples. Thermogravimetric analysis (TGA)

in nitrogen atmosphere was performed to assess the

thermal stability of the treated samples, respectively.

Micro-scale combustion calorimetry (MCC) was car-

ried out to evaluate the combustion behavior of the

fabric samples. The flame resistance of the fabric

samples was measured by the limiting oxygen index

(LOI) and flammability test.

Experimental

Materials

Cotton woven fabric (230 g/m2, white) was purchased

from an online Taobao store. PHMGP [(C7H15N3�H3

PO4)n, degree of polymerization[ 60] aqueous solu-

tion (25 wt%) was bought from Shanghai Scunder

Industry Co., Ltd. (China). SPB (0.22Na2O�B2

O3�nH2O) was obtained by Qingdao Minerals Co.,

Ltd. (Shandong, China).

Woven cotton was soaked in deionized water for

24 h to remove impurities, and then it was dried at

60 �C (40 min) for further LBL deposition. All

reagents were prepared in 0.5 wt% aqueous solutions.

LBL deposition

Cotton fabric was alternately immersed into 0.5 wt%

cationic PHMGP and anionic SPB solutions (5 min) to

activate the fabric surface. After that, the cotton

sample was dipped into cationic and anionic solutions

(1 min) until the designated number of BLs was

achieved. All immersions were followed by 1 min

washing and 40 min drying at 60 �C. The coating

weight was 3.6, 7.5 and 12.9 wt% for 5, 10 and 20

BLs, respectively.

Characterization

Attenuated total reflection Fourier transform infrared

(ATR-FTIR) spectra were recorded by a Nexus

infrared spectrometer (Thermo Nicolet, USA) using

64 scans at a 4 cm-1 resolution. The FTIR spectra of

residue chars after burning were recorded by a Nicolet

infrared spectrometer. The B and P element contents

on the fabric samples were evaluated with an Optima

7300 DV inductive coupling plasma atomic emission

spectrometer (ICP-AES) (PerkinElmer, USA). The

thermal stability of the fabric samples was assessed

using a Pyris 1 thermogravimetric balance (Perk-

inElmer, USA). All samples were heated from 50 to

600 �C at the rate of 10 �C/min in nitrogen and air,

respectively. MCC was conducted on an FAA Micro

Calorimeter (FTT, Ltd., USA) from 50 to 600 �C
(heating rate of 60 �C/min) in nitrogen (flowing rate of

80 ml/min). The burning behaviors in both vertical

and horizontal directions were investigated using an

AG5100A combustion apparatus (Zhuhai Angui Test-

ing Instrument Co., Ltd., China) according to ASTM

D6413 and D5132, respectively. The LOIs of fabric

samples were measured by a JF-3 oxygen index tester

(Jiangning Nanjing Analytical Instrument Corp., Ltd.,

China) according to the ASTM D2863 standard. The

fabric samples and their residue chars were observed

by a Sirion 200 field emission scanning electron

microscope (SEM) (FEI Corp., USA; beam voltage:

10 kV). An energy-dispersive X-ray detector was used

to perform element mapping.

Results and discussion

Coating structures

The surface structures of cotton samples were ana-

lyzed by ATR-FTIR spectroscopy, and the corre-

sponding spectra are shown in Fig. 1. Untreated cotton

presents the characteristic absorption bands of
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cellulose. The broad O–H and C–H stretching appear

from the 3100 to 3550 cm-1 and 2800 to 2980 cm-1

region, respectively. The characteristic absorption

bands at 1429, 1370 and 1202 cm-1 are due to the

C–H wagging, bending and deformation stretch

(Chung et al. 2004). A small peak at 1202 cm-1

corresponds to the OH in-plane bending. The broad

typical characteristic bands from 1000 to 1160 cm-1

and absorption peak at 898 cm-1 are attributed to the

C–O stretching in the cellulose backbone (Zhang et al.

2006). The coated cotton samples also show the

typical characteristic bands of cellulose. However, the

characteristic peaks become weaker after introducing

the assembly coating, and the peak intensity decreases

with the increase of the BL number. Spectra of the

coated fabrics show extra peaks at 1635 cm-1 belong-

ing to the NH bending vibration of PHMGP (Zhang

et al. 1999). However, the characteristic peaks of SPB

cannot be distinguished from the IR spectra because

they show overlapping signals with cellulose.

To further monitor the LBL growth of the assembly

coating on cotton, the absorption intensity of C–O–C

at 1057 cm-1 for the cotton substrate was selected as

the reference; the relative intensity ratio (N–H/C–O–

C: A 1635 cm-1/A 1057 cm-1) is calculated as a

function of the BL number. As shown in the inset, the

ratio increases gradually with the growth of the BL

number, suggesting that the PHMGP amount grows

gradually in the LBL assembly process. The surface

compositions of the coated fabrics were also evaluated

by ICP-AES, and the corresponding results are shown

in Fig. 1b. It is noteworthy that the B and P contents

increase gradually with the growth of the BL number,

indicating that the PHMGP and SPB amounts grow

gradually in the LBL assembly process.

SEM analysis was performed to observe the

untreated and coated fabrics. As shown in Fig. 2, the

untreated sample exhibits a wave structure. At higher

magnification, it can be found that cotton fiber shows a

smooth surface. By introducing the PHMGP–SPB

coating, the cotton fiber surface becomes a little rough.

Even so, the coated samples show a similar appear-

ance to that of the untreated sample. In addition, the

coating constituents PHMGP and SPB are uni-

formly distributed on the surface of the cotton fiber,

as evidenced by the B and P element mapping, as

shown in Fig. 2. It can be observed visually that the

amounts of PHMGP and SPB increase with the growth

of BL. Notably, there is no bonding phenomenon

among cotton fibers for all coated samples, so the

coated fabrics basically maintain the softness of the

untreated sample.

Thermal stabilities

The thermal degradation and decomposition processes

of untreated and LBL-coated fabrics were monitored

by TGA in nitrogen and air, respectively. Figure 3

reports the TG and DTG curves of untreated and

coated samples in nitrogen, and the corresponding data

Fig. 1 a The ATR-FTIR curves of the untreated and coated fabrics. The inset shows the relative intensity ratio of N–H/C–O–C. b The

B and P element contents of the fabric samples from ICP-AES
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are collected in Table 1. As shown in Fig. 3, cotton

begins to break down at 359 �C (Tonset) and performs a

one-step thermal degradation behavior around 377 �C
as a result of two competitive chemical processes.

Cellulose depolymerizes to some volatile products

(mainly levoglucosan, furan and furan derivatives);

meanwhile it is also dehydrated to form thermally

stable aromatic char (Alongi et al. 2014b, 2015).

LBL-coated fabrics still show one-step thermal

degradation processes. However, the PHMGP–SPB

coating anticipates the thermal degradation, which can

be confirmed by the decreased initial degradation

temperature (Tonset) and the temperature of the maxi-

mum weight loss (Tmax). What is more, the Tonset and

Tmax values gradually decrease with the increasing

number ofBLs. The anticipation can be attributed to the

catalytic effect of the PHMGP–SPB coating on the

thermal degradation of cotton, which can be considered

as a favorable phenomenon. The assembly coating

catalyzes the dehydration of cellulose and promotes the

formation of thermally stable char, thus leading to the

production of less volatile materials. As a result, the

coated fabrics leave more residue chars than the

untreated sample atTmax, and the residuemass increases

with the growth of the PHMGP–SPB BL number (see

Table 1). Moreover, the residue chars maintain higher

thermal stability for the coated fabrics after 400 �C.
After testing, the coated fabrics leave extremely high

residues (29.9, 33.4 and 38.6 wt% for 5, 10 and 20 BLs,

respectively) at 600 �C, and only 6.6 wt% residue char

is remnant for the untreated fabric, as listed in Table 1.

Additionally, the residueweight ismuchhigher than the

coating increment, further confirming that the

PHMGP–SPB coating can effectively protect the

internal cellulose substrate from fire.

Figure 4 reports the TG and DTG curves of

untreated and coated samples in air, and the corre-

sponding data are collected in Table 1. Unlike the

thermal degradation in nitrogen, cotton’s thermal

decomposition under air occurs in two stages. In the

first stage (300–400 �C), cotton begins to decompose

at 358 �C to some combustible volatiles; meanwhile,

it is also dehydrated and forms aliphatic carbon. In the

second stage (400–600 �C), aliphatic carbon trans-

forms into aromatic carbon or decomposes to water,

methane, CO and CO2.

Similar to the thermal degradation, the initial

thermal decomposition of cotton was also accelerated

Fig. 2 The SEM images of the virgin and LBL-coated fabrics and their B and P mapping
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by introducing the PHMGP–SPB coating. It can be

seen from the reduced Tonset and Tmax1 as the BL

number increases. Moreover, the coated fabric pre-

sents a proactive second thermal decomposition stage,

indicating the earlier formation of thermally

stable char in the presence of the PHMGP–SPB

coating. The PHMGP–SPB system can act as a

condensed phase flame-retardant, affecting cotton’s

thermal decomposition stage. In this case, cotton tends

to dehydrate to aliphatic char in the first stage, and it is

further carbonized to aromatic char. Consequently, the

volatile formation decreases and the residue mass

Fig. 3 The TG and DTG curves of the untreated and LBL-

coated fabric samples under nitrogen

Table 1 The TG and DTG data of the untreated and LBL-coated fabric samples under nitrogen and air

Sample Add-on

(wt %)

N2 AIR

Tonset
(�C)

Tmax

(�C)
Residue at Tmax

(wt %)

Residue at 600 �C
(wt %)

Tonset
(�C)

Tmax1

(�C)
Tmax2

(�C)
Residue at 600 �C
(wt %)

Untreated – 359 377 52.5 6.6 360 384 556 1.1

5 BL 3.6 329 355 60.3 29.9 334 360 555 10.4

10 BL 7.5 317 351 62.2 33.4 314 356 537 16.6

20 BL 12.9 309 344 70.1 38.6 311 332 – 23.5

Fig. 4 The TG and DTG curves of the untreated and LBL-

coated fabric samples under air
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increases. As expected, the coated fabric leaves more

residue than virgin cotton after the TGA test, and the

residue mass increases with the BL number.

In order to confirm the catalytic charring effect of the

PHMGP–SPB coating on cotton, TGA measurement

was further compared with the MCC test (Alongi et al.

2014c, 2015). TheMCC curves of untreated and coated

samples are shown in Fig. 5, and the corresponding data

are listed in Table 2. Cotton goes through a one-step

pyrolysis process. It starts to degrade at 326 �C (Tonset)

and presents the peak heat release rate (PHRR) at

375 �C. After testing, the total heat release (THR) is

11.6 kJ/g. However, the pyrolysis proceeds in two steps

for the coated samples. As listed in Table 2, the coated

fabrics show decreased values of Tonset and Tp1 relative

to the untreated ones, which is similar to the results in

TGA (Tonset and Tmax1, see Table 1). This confirms that

the PHMGP–SPB coating plays a catalytic role in the

thermal degradation of cotton. As expected, the coated

samples display a smaller PHRR1 than virgin cotton,

and the value decreases with increasing BL numbers

(see Table 2), showing that the LBL coating promotes

char formation and inhibits the release of burnable

volatile substances. For the second pyrolysis step, the

value of Tp2 increases with the growth of the coating,

suggesting that the PHMGP–SPB coating with higher

BL numbers leads to the residue char with higher

thermal stability. In addition, thePHRR2value increases

with the number of BLs as a result of more residues

being left for the sample coated with more BLs. The

samples coated with the PHMGP–SPBmultilayer show

decreased THR, and the value decreases with the

increase of BL number, as listed in Table 2. For

example, for the 20-BL-coated sample, the PHRR and

THR decreased to 32 W/g and 3.5 kJ/g and were

reduced by 87.7 and 69.8 % with respect to those of the

untreated sample, respectively. The PHRR and THR

values, as important parameters that are closely related

to the flammability of materials, are significantly

decreased for cotton fabric after being coated with a

PHMGP–SPBmultilayer. All these results indicate that

the PHMGP–SPB multilayer with high catalytic char-

ring action would have an excellent flame-retardant

effect on cotton fabric.

Flame-retardant properties

To further evaluate the flame-retardant property, the

untreated and LBL-coated fabrics were subjected to a

flammability test in both vertical and horizontal

configuration, respectively . Figure 6 reports the flame

scenes at 15 and 30 s after ignition in vertical flamma-

bility test (VFT), and the corresponding data are

collected in Table 3. Untreated cotton burns vigor-

ously with high red flame for 32 s. After the flame goes

out, the residue continues to smolder for 14 s and have

been completely consumed after testing. As shown in

Fig. 6, five-BL-coated fabric burns with a pale blaze

after encountering the direct flame. Although the after-

flame and afterglow times are 34 and 23 s, respec-

tively, which are longer than those of the untreated

sample, the five-BL-treated sample leaves consider-

able residue (54.8 wt%) after testing. Besides that, the

damaged length of five-BL-treated sample is equal to

the smaple length (SL). As shown in Fig. 6, the ten-

BL-coated samples with only 7.5 wt% coating

Fig. 5 The MCC curves of the pure and LBL-treated samples

Table 2 The MCC data of

the pure and LBL-treated

samples

Sample Tonset (�C) PHRR1 (W/g) Tp1 (�C) PHRR2 (W/g) Tp2 (�C) THR (KJ/g)

Untreated 326 260 375 – – 11.6

5 BL 288 57 317 11 448 3.9

10 BL 282 47 322 14 454 3.6

20 BL 284 32 331 20 462 3.5
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increment can self-extinguish once the fire source

moves away. This result confirms that the fabric

coated with the PHMGP–SPB multilayer has out-

standing flame retardancy. Additionally, only 105 mm

fabric (see Fig. 7) is damaged in the vertical direction,

and 97.2 wt% residue (see Table 3) is left after testing.

As the BL number grows to 20, the damaged length

decreases to 85 mm and the residue mass increases to

98.4 wt%, indicating that the flame-retardant effect on

cotton increases with the increase of BL number. The

flame-spreading speeds for the untreated and coated

samples were measured with horizontal flammability

test (HFT). Figure 7 reports the image of the residues

of all samples after HFT, and the corresponding data

are listed in Table 3. Untreated cotton burns at a rate of

1.47 mm/s (burning time: 174 s) and have been

completely consumed after testing. Surprisingly, by

introducing a PHMGP–SPB multilayer, cotton

becomes self-extinguishing and leaves a larger portion

of fabric undamaged in the horizontal direction.

Moreover, the damaged length decreases and the

residue left increases with the growth of BL number,

respectively. This confirms that the flame-retardant

effect increases with the growth of the PHMGP–SPB

assembly coating. Beyond the burning test, the

oxygen index test was executed to further characterize

the combustibility of cotton fabric. Pure cotton shows

LOI values of 18.5 %. The LOI values increase to

24.5, 29.0 % for the five- and ten-BL samples,

respectively. As the number of BLs grows to 20, the

LOI value increases to 41.0 %, which is extremely

high for cotton fabric. Actually, the LOI has been

considered a good flammability index of a material in

both academia and industry (Alongi et al. 2015). All

these results confirm that the PHMGP–SPB multilayer

has an excellent flame-retardant effect on cotton

fabric.

To investigate the flame-retardant mechanism of

the PHMGP–SPB assembly coating, the untreated and

coated fabrics were observed by SEM after the

flammability test, and Fig. 8 displays the correspond-

ing SEM images. As mentioned before, the pure cotton

Fig. 6 The flame scenes of the untreated and LBL-coated samples at 15 and 30 s after ignition in VFT

Table 3 The VFT, HFT and LOI data of the untreated and LBL-coated samples

Sample LOI

(%)

VFT HFT

After-flame

time (s)

Afterglow

(s)

Damaged length

(mm)

Residue

(wt %)

Burning

time (s)

Burning rate

(mm/s)

Damaged

length (mm)

Residue

(wt %)

Untreated 18.5 32 14 SL – 174 1.47 SL –

5 BL 24.5 34 23 SL 54.8 – – 73 90.3

10 BL 29.0 – – 105 97.2 – – 42 97.0

20 BL 41.0 – – 85 98.4 – – 26 98.7
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had been completely consumed after the flammability

test. However, the coated fabrics had left the wave

structures intact after testing, as shown in Fig. 8. At

higher magnification, it can be found that cotton fibers

still maintain their original structures after burning,

confirming that the PHMGP–SPB coating effectively

protects the cotton fiber during the flammability test.

What is more, some bubbles appear after burning as a

result of intumescence effect. In this system, the

released boracic acid from SPB and phosphoric acid

from PHMGP as acid sources promote the dehydration

and carbonization of cellulose, forming thermally

stable graphitized char. The elemental mapping indi-

cates the presence of the B and P elements in the

residue, probably owing to the further formation of

complex boron and phosphorus compounds derived

from PHMGP and SPB, respectively. Meanwhile, the

generated water vapor can dilute the air atmosphere in

the vicinity of the burning substrate. Then, the released

non-flammable gas from PHMGP as a blowing agent

foams the graphitized char, forming intumescent char,

as shown in Fig. 8.

FTIR analysis of residue chars

FTIR analysis was performed to investigate the

chemical compositions of the residue chars after

burning. As shown in Fig. 9, the five-BL-coated

sample presents a weak absorption band from 1450

to 1650 cm-1, corresponding to the benzene ring.

However, strong absorption peaks of carbohydrate at

1337 and 1068 cm-1 appear, which are assigned to the

in-plane bending of OH and in-plane ring stretch of C–

O–C (Chung et al. 2004), respectively. This suggests

that the cellulose of the five BLs is only partly

graphitized during burning. For the ten-BL-treated

sample, the absorption peak at 1068 cm-1 still exists.

Even so, new apparent absorption signals appear at

1692 and 1596 cm-1, attributed to the stretch vibra-

tion of C=O and skeletal vibration of benzene. This

result indicates that most of the cellulose is catalyt-

ically dehydrated to form graphitized char, which can

be confirmed by the strong characteristic peaks at 753,

699 and 668 cm-1 due to the out-of-plane bending of

the aromatic ring. The appearing absorbing peaks at

1430, 876 and 811 cm-1 belong to the vibrations of

the boron-oxygen triangular and tetrahedral groups

(Abdelghany et al. 2014; Mansour 2012). This shows

that borate serves as a main acid source. As the BL

number increases to 20, the absorption peak of

carbohydrate disappears, indicating that the cotton

residue after burning is completely graphitized char.

The new signals at 1250 and 1100 cm-1 are assigned

to P=O and P–O–C (Ke et al. 2011), respectively,

suggesting the presence of phosphorus groups in the

residue char. The other appearing absorption peaks at

1364, 1027 and 928 cm-1 are attributed to the

vibrations of the borate groups (Abdelghany et al.

2014). Because of the excellent catalytic charring of

phosphate and borate (mainly), cotton is carbonized

Fig. 7 The images of the untreated and LBL-coated samples after VFT
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into thermally stable graphitized char, which swells

further to form heat-insulating intumescent char,

which can effectively inhibit the fire propagation.

Conclusions

Boron-containing intumescent nanocoating of the

PHMGP–SPB multilayer has been successfully con-

structed on cotton fabric via the LBL assembly

technique. The results of ATR-FTIR and ICP-AES

spectroscopy suggest that the LBL coating grows

gradually in the assembly process. This LBL coating

has a strong catalytic charring effect on cotton fabric.

As a consequence, the treated samples leave greatly

enhanced residue char with respect to pure cotton after

TGA. MCC reveals that the PHRR and THR of cotton

are significantly decreased after the introduction of the

flame-retardant coating. The fabric treated with ten

BLs is able to self-extinguish during the flammability

test. The PHMGP–SPB coating can dramatically raise

the value of the LOI. SEM images display that obvious

bubbles appear on the residue char as a result of the

intumescent effect. FTIR analysis finds that the

PHMGP–SPB multilayer graphitizes the cotton fabric,

forming thermally stable residue char.
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