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Abstract The combination of egg white proteins

(W) and hypophosphorous acid (HA) was used for

developing a flame retardant coating for cotton fabrics

by adopting the layer-by-layer assembly technique.

This has resulted in a novel phosphorous-nitrogen-

based assembly due to strong electrostatic interactions

between W and HA. Coated cotton fabrics were

characterized by using a variety of microscopic,

analytical and thermal/combustion tests. Flammability

properties of the fabrics were evaluated as per widely

recognized standards like BS EN ISO 15025:2016 for

protective clothing and ASTM D6413 for flame

resistance of textiles. Coated cotton fabric showed

self-extinguishing property with significant but fragile

residual char structure, whereas uncoated fabric

completely burnt with a little ash as residue. Thermo-

gravimetric analysis revealed that decomposition

temperature of coated fabric was lowered compared

to control fabric, but char residue increased at 800 �C.
Forced combustion cone calorimeter tests on the

coated and uncoated fabrics showed that peak heat

release rate, total heat released, and average rate of

heat emission values reduced by 80%, 38%, and 40%,

respectively, for coated fabrics as compared to control

fabric. Even the mass loss rate value of the coated

fabric has reduced significantly (from 514 g/m2.s for

the uncoated fabric to 2 g/m2.s for coated fabric).

Wash durability of the coated fabrics, though showed a

slight reduction in flame-retardant properties as a

consequence of * 9.7 wt% coating loss during soak-

ing, yet there was no after-glow.
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Introduction

Clothes are made up of mainly cotton, which protects

the human body from the harsh environment and gives

comfort. Cotton clothes are used by common people,

military, medical staff, and firefighters. Further, cotton

is commonly used in home furnishings and various

industrial items due to its softness, respiration, and

moisture absorption characteristics (Rehan et al.

2018). Unfortunately, cotton is flammable with a low

limiting oxygen index value and ignites even at

temperatures in the range of 360–425 �C, leading to

fire hazards that can result in loss of lives and severe

damage to property (Shariatinia et al. 2015). During

fire hazards, flammability is enhanced due to the

combustion of cotton as it is rich in hydrocarbons

(Wang et al. 2018). Thus, imparting resistance to

burning cotton fabric is a challenge for textile

industries (Liu et al. 2020). According to a report

from the National Fire Protection Association, USA, a

total of 1.31 million fire accidents had occurred in

2018 in which nearly 3655 people lost their lives,

15,000 civilians were injured, and more than $25.6

billion worth of property damage has occurred.

Among the total fire accidents, * 74% of total fire

accidents/deaths occurred in homes, and this was 3%

higher than the previous year (2017) (Evarts 2019).

There are different approaches available for

improving the flame retardancy performance of cotton

fabrics, and the LbL assembly technique is one such

approach. Using the LbL assembly technique, nanos-

tructured surfaces for fire-proofing on cotton fabrics

can be easily produced (Malucelli et al. 2014). During

the flame exposure and combustion processes, these

nanostructures control the heat transfer by creating a

thermal barrier between the gas and condensed phases.

This barrier further minimizes the intensity of heat

experienced by the underneath cotton substrate

(Decher and Hong 1991). LbL assembly method has

gained significant attention and has been a promising

method to prepare efficient flame retardant coatings

(Li et al. 2010). This method is economically viable

for the production of thin, multilayer films over

complex substrates such as textiles through electro-

static attraction between cations and anions or

nanoparticles (Qiu et al. 2018). Other approaches

utilize attractive forces like, e.g., hydrogen bonds
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(Bergbreiter et al. 2001), donor/acceptor (Shimazaki

et al. 1997) and covalent bonds (Sun et al. 2000) to

form LbL assembly. Priolo et al.used the LbL method

for the first time to make fire-resistant fabric in 2010

using branched polyethylenimine (PEI) and sodium

montmorillonite (MMT) (Priolo et al. 2010).

During the last decade, the most commonly used

flame retardants were mainly halogen-containing

compounds such as pentabromodiphenyl ether,

decabromodiphenyl ether and polychlorinated biphe-

nyls (van der Veen and de Boer 2012). Halogen-based

flame retardants are not ecologically safe as toxic

gases, and halogen compounds are released in case of

fire that may cause endocrine interference (Rahman

et al. 2001; Legler and Brouwer 2003) along with

polluting the environment (Carosio et al. 2015).

Recently, some halogen-based flame retardants have

been banned in the United States and European

countries (Abou-Okeil et al. 2013). Instead, environ-

mentally benign flame retardants are preferred (Pan

et al. 2014, 2019; Liu et al. 2017), which do not release

toxic gases during combustion. As a result, many

phosphorus-based fire retardants were used, including

ammonium polyphosphate-based salts (Wu and Wang

2008; Vakhitova et al. 2016) and phosphorus deriva-

tive phenyl dichlorophosphate (PDCP) (Yuan et al.

2012). Some phosphorous compounds such as tetrakis

(hydroxymethyl) phosphonium chloride (THPC) con-

taining hydroxymethyl groups may emit formalde-

hyde during the coating process, which is carcinogenic

(Nielsen and Wolkoff 2010). Therefore, there is an

urgent need to develop novel, non-toxic (i.e., halogen-

free and formaldehyde-free) and economically feasi-

ble flame retardants.

Biomolecules such as proteins (Liu et al. 2020),

chitosan (Xiong et al. 2019), starch (Carosio et al.

2015), hydrophobins (Alongi et al. 2014), phytic acid

(Cheng et al. 2019) and DNA (Carosio et al. 2013)

were also explored as alternatives to halogen/phos-

phorous based flame retardants. Alongi et al. applied

casein (a phosphorus-based compound found in milk

protein) and hydrophobins (sulfur-rich proteins

obtained from filamentous fungi) to improve flame

retardancy and thermal stability of cotton (Alongi

et al. 2014). The extraction process of proteins from

their sources is tedious, time-consuming and cost-

intensive. These limitations restrict large-scale protein

production. Recently, a coating made from a combi-

nation of egg white protein and phytic acid was

developed to impart flame retardancy to cotton

fabrics (Liu et al. 2020). An egg white protein is rich

in various amino acids along with an abundant amount

of calcium, ferric and phosphorous compounds and is

cost-effective. On the other hand, phytic acid is a

natural compound extracted from plant seeds, and its

extraction also involves multiple steps making it

expensive (Oatway et al. 2001). Despite the positive

effect on flame retardant properties, the highly acidic

nature of phytic acid (containing six phosphate

compounds) affected the mechanical and chemical

properties of cotton fabrics.

Hypophosphite is another effective flame retardant

for cotton textiles. Braun et al. used two different

metal phosphinates with and without melamine

cyanide on glass-fiber reinforced poly (butylene

terephthalate) (PBT / GF) and measured their thermal

decomposition and combustion behavior (Braun et al.

2008). Results showed that the gas-phase mechanism

was dominant for both the phosphinate-containing

materials. For example, aluminum diethylphosphinate

(AlPi) works by releasing diethylphosphic acid, which

inhibits flame (Gallo et al. 2009). Yang et al. used the

pad-dry-cure method to prepare sodium hypophos-

phite and maleic acid crosslinked coating over cotton

fabric. Flame retardancy of coated fabric was

increased due to the presence of phosphorus-contain-

ing groups (Yang et al. 2010). Recently, Liu et al.

investigated flame retardancy of hypophosphorous

acid-modified chitosan along with polyethylenimine

(PEI) on polyester-cotton (PTCO) fabric by LbL

assembly (Liu et al. 2017). Results revealed that

gaseous pyrolysis products of coated samples were

reduced compared to those of uncoated specimens.

In this report, a combination of amino acids from

chicken egg white protein (W) and hypophosphorous

acid (HA) was used for the development of a cost-

effective flame retardant coating. The flame retardant

coating was formed through electrostatic interaction

between the nitrogen-phosphorus compound and cel-

lulose structure. Pre and post-burning surface mor-

phology, structure, thermal and flammability behavior
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of treated cotton were observed to assess the efficiency

of the coating.

Materials and methods

Materials

Cotton fabric (150 GSM, 49 EPI and 54 PPI) was

sourced from a local market in Saharanpur, India.

Eggs and yolk separator was sourced from a super-

market. Hypophosphorous acid (HA, 50 wt% aqueous

solution) was procured from Avra Synthesis Private

Limited, India. A 2 wt% aqueous HA solution was

prepared and used in this work.

Application of fire retardant coating

over the cotton fabric using egg white protein

and hypophosphorous acid

Firstly, cotton fabrics were dipped in distilled water at

80 �C for 1 and then dried in a vacuum oven overnight

at 40 �C. Egg white protein was removed from eggs

with the help of a yolk separator. The separated protein

was then dissolved in distilled water (to make 30 wt%

of protein) using a magnetic stirrer at 400 rpm for

90 min at 30 �C (pH = 8.5). The vacuum oven dried

fabrics were dipped in egg white protein solution for

5 min, and then the excess solution was removed by

squeezing and rinsing with water for 2 min. Protein-

coated fabrics were then dipped for 2 min in 2% HA

solution, and excess of HA solution was removed by

squeezing and rinsing with water for 2 min. The

process of applying a bilayer is schematically shown

in Scheme 1a. The coated fabrics were dried overnight

at 90 �C. This process was used for making four

samples (egg white protein-coated cotton sample

(CTW), hypophosphorous acid-coated cotton sample

(CTHA), CTHA?W and CTW?HA). The control sample

without any coating is designated as CT. These

samples were named according to the order of coating,

i.e., CTHA?W represents cotton first coated by

hypophosphorous acid as primary layer followed by

egg white protein as secondary layer coating, whereas

CTW?HA represented cotton fabric coated first by egg

white protein and then hypophosphorous acid.

Characterization

Functional groups and nature of bonds present in CT,

CTW, CTHA and CTW?HA were analyzed with Fourier

transformation infrared (FTIR) spectrophotometer

(PerkinElmer, USA) in ATR mode. The samples were

scanned over the wavenumber range 4000–500 cm-1.

The field emission scanning electron microscope

(FESEM) was used to capture surface morphology of

all samples and residue of char produced after

combustion using MIRA3 TESCAN FESEM

equipped with Energy Dispersive X-ray spectroscopy

(EDAX) from AMETEK. The elemental composition

of coated fabric with egg white protein and hypophos-

phorous acid was determined with the help of EDAX.

Weight loss% of cotton fabric and all coated

samples with temperature and thereby their thermal

stability were measured using a thermogravimetric

analyzer (TGA 55, TA Instruments, USA). The

sample was placed in a platinum pan, which was kept

inside the furnace, maintained in nitrogen and air

atmosphere. A constant heating rate of 10 �C min-1

was employed, and the temperature range was taken

from 30 to 800 �C.
Tensile strength of control and coated fabrics was

measured using a universal testing machine (UTM,

model No. 3365, Instron Co., Macclesfield, U.K.) as

per ISO 527-5A. A load cell of 5 kN and cross-head

speed of 5 mm min-1 was used.

A limiting oxygen index (LOI) test was performed

using an oxygen index test apparatus according to

ASTM D2863. The vertical flame tests were per-

formed for control and coated fabrics using a methane

gas flame for 12 s as per the ASTM D6413-08

standard. Total char length was measured after

burning. The sample size taken for the test was

76 9 300 mm2.

Flammability parameters of control and coated

fabrics were examined using a cone calorimeter (DnG

Technologies Pvt. Ltd., India) as per the ISO 5660-1

standard. Fabrics (10 cm 9 10 cm) were exposed to

35 kW/m2 irradiative heat flux, and various parame-

ters such as peak heat release rate (PHRR), total heat

release rate (THR), average rate of heat emission

(ARHE) and mass loss rate (MLR) were obtained.
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Water soak test was performed according to

standard ISO 5651-1978, where coated samples were

soaked in distilled water (1: 20 w / v) with a non-ionic

wetting agent (0.5 g / 1000 ml) for 30 min at room

temperature. Weight loss was measured after the water

soak test.

Results and discussion

Coating growth with layer deposition

Flame retardancy of coated fabric depends on the gain

in weight percent (Wg%) due to the bilayer deposition

compared to the control fabric. The gain in weight

percent (Wg%) of coated fabric is expressed as:

Scheme 1 Schematic

showing (a) the procedure

for making the flame

retardant fabric and

(b) electrostatic and

hydrogen bonding

interactions of egg white

protein and

hypophosphorous acid with

cotton by single bilayer

coating through layer by

layer assembly
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Wg% ¼ Wt �Wc

Wc

� 100%: ð1Þ

where Wt and Wc indicate the weight of coated and

control samples, respectively.

The increased weight of the control fabric after

treatment with flame-retardants is presented in Fig. 1.

As evident, percent weight gain is dependent on the

sequence of application of coatings.Wg% of CTWwas

8.40%, which is higher than that of CTHA (4.3%).

Moreover, different coating sequences considerably

influenced Wg% in the control fabric. If HA was used

as a primary layer of coating followed by egg white as

secondary, Wg% was found to be higher at 19.8% and

was highest among all other samples. This is because

hypophosphorous acid destroyed fabric structure (acid

affects the cellulosic structure), and this might have

resulted in greater deposition of egg white protein

resulting in increased weight gain. In contrast, when

egg white protein was used as the primary layer and

HA as secondary (CTW?HA), Wg% was only 16.3%.

In fact, the mechanical properties of the coated fabrics

are also in line with the above explanations. That is,

hypophosphorous acid affects the cellulosic structure

and reduces the mechanical properties of coated fabric

(CTHA) when HA was used as the primary layer. After

HA treatment, CTHA fabric became so fragile (drop in

mechanical strength) that for subsequent egg white

protein application, it needed careful handling to

obtain CTHA?W fabric. Thus, egg white protein was

selected as the primary coating, which no doubt

increased the percentage weight gain over the control

sample. Egg white protein derived from chicken egg

showed alkaline behavior (pH = 8.5), possibly

because of amino acids. Electrostatic and hydrogen

bonding interactions between the coating and func-

tional groups (-OH groups) of cellulose facilitated

easy adherence to the fabric (Scheme 1b).

ATR-FTIR analysis of control and coated cotton

fabric

IR spectra of control fabric and coated fabrics are

presented in Fig. 2. In the spectrum of control fabric,

characteristic peaks corresponding to H bonded OH

stretch at 3320 cm-1, symmetric CH2 stretch at

2910 cm-1, absorbed H2O at 1645 cm-1, CH wag-

ging at 1432 cm-1, CH bending at 1370 cm-1, CH

wagging at 1313 cm-1, CH deformation stretch at

1282 cm-1, C–O stretch at 1024 cm-1 and

1000 cm-1 and OH stretch at 895 cm-1 (Chung

et al. 2004). CTW spectra showed two new peaks at

1630 cm-1 and 1525 cm-1, indicating amide-I and

amide-II from egg white protein (Bosco et al. 2013). In

the case of CTHA, a new peak appeared at 980 cm-1

for P = O from hypophosphorous acid (Yu et al.

2017). In the spectrum corresponding to CTW?HA, all

these three peaks characteristic of amide-I, amide-II

and P=O are seen at 1630 cm-1, 1525 cm-1 and

980 cm-1, respectively. Therefore, these results indi-

cate that hypophosphorous acid binds protein through

electrostatic interactions.

Thermal stability of control and coated cotton

fabrics

Thermogravimetric analysis (TGA) and derivative

thermogravimetric analysis (DTG) were carried out to

understand the thermal stability of all samples. TGA

was conducted both in the presence of nitrogen and air

atmosphere. TGA and DTG thermograms obtained for

CT, CTHA, CTW, CTW?HA, and CTHA?W samples

performed in nitrogen environment are shown in

Fig. 3a, b and the thermograms obtained with samples

under air environment are shown in Fig. 3c, d. Their

Fig. 1 Gain in weight percent (Wg%) of cotton fabric by

hypophosphorous acid (CTHA), egg white protein (CTW), the

combination of egg white protein with hypophosphorous acid

(CTW?HA) and combination of hypophosphorous acid with egg

white protein (CTHA?W)
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quantitative data are reported in Tables 1 and 2,

respectively. Under a nitrogen atmosphere, a signif-

icant weight loss between 200 and 800 �C was noticed

for all fabrics. TGA analysis of control fabric showed

two steps of weight loss: (i) cotton was dehydrated and

carbonized, producing CO2, H2O, and char, and (ii)

cellulose was depolymerized to levoglucosan, which

was further converted into low molecular weight

compounds and secondary char (Lin et al. 2019). In the

case of cotton coated with egg white (CTW), initial

decomposition started at a lower temperature, i.e., 260

�C, compared to control fabric, 294 �C. However, the
rate of weight loss with control fabric beyond 350 �C
was much higher than that of CTW. At 450 �C, the
residual weight % with control fabric was found to be

12 wt%, whereas it was 39 wt% with CTW. These

results indicated that cotton coated with egg white

(CTW) could effectively reduce the rate of cotton

decomposition even at higher temperatures. CTHA

showed decomposition at lower temperatures, i.e., 252

�C, relative to CT and CTW. At higher temperatures,

the rate of weight loss with CTHA was lowered,

possibly due to the presence of phosphoric acid groups

of HA, which strongly inhibited the depolymerization

process of cotton fabric facilitating char formation.

With the CTHA?W sample, primary degradation

temperature was found to be 230 �C, which is lower

than CTHA (252 �C), but carbon residue obtained was

higher at 800 �C (7.8 wt%) compared to CTHA (4.9

wt%). As discussed in the above section, the strong

acidity of HA damages the cotton fibers, thereby

adversely affecting the softness and mechanical prop-

erties of the fabric. Instead, if HA is applied as a

secondary layer keeping the egg white protein as the

primary layer in CTW?HA, it could improve the fabric

performance. TGA analysis of the CTW?HA sample

showed initiation of decomposition at a relatively

lower temperature of 153 �C compared to all other

samples. However, the rate of weight loss was lowered

beyond 350 �C. Char residue leftover at 700 �C and

800 �C were 18.8 wt% and 11.6 wt%, respectively.

These values are much higher than control fabric, i.e.,

0.64 wt% and 0.28 wt% at 700 �C and 800 �C,
respectively. Therefore, CTW?HA is expected to show

appreciable flame retardancy due to considerably

higher char formation compared to other samples.

In the presence of air, the control fabric produced

0.2 wt% char residue at 800 �C, while other coated

fabrics, i.e., CTW, CTHA, CTW?HA and CTHA?W,

produced 3.8 wt%, 2.9 wt%, 11.4 wt% and 7.4 wt% of

char, respectively, at 800 �C. The levoglucosan chains
of cotton continued to oxidize in the presence of
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Fig. 2 FTIR spectra of CT (control fabric), CTW (Eggwhite protein-coated cotton fabric), CTHA (Hypophosphorous acid-coated cotton

fabric) and CTW?HA (egg white protein with hypophosphorous acid-coated cotton fabric in sequence)

123

Cellulose (2021) 28:10689–10705 10695



100 200 300 400 500 600 700 800
0

20

40

60

80

100

W
ei

gh
t l

os
s (

%
)

Temperature (°C)

CT
 CTW
 CTHA
 CTW+HA
 CTHA+W

(a)
N2

0 100 200 300 400 500 600 700 800
0

-10

-20

-30

-40

-50

W
ei

gh
t l

os
s r

at
e 

(d
w

/d
t)

Temperature (°C)

CT
 CTW
 CTHA
 CTW+HA
 CTHA+W

(b)
N2

100 200 300 400 500 600 700 800
0

20

40

60

80

100

W
ei

gh
t l

os
s (

%
)

Temperature (°C)

CT
 CTW
 CTHA
 CTW+HA
 CTHA+W

(c)
Air

0 100 200 300 400 500 600 700 800
0

-20

-40

-60

-80

W
ei

gh
t l

os
s r

at
e (

dw
/d

t)

Temperature (°C)

CT
 CTW
 CTHA
 CTW+HA
 CTHA+W

Air
(d)

Fig. 3 a, c TGA and b, d DTG of CT (Control fabric), CTW

(Egg white protein-coated cotton fabric), CTHA (Hypophospho-

rous acid-coated cotton fabric), CTW?HA (Egg white protein

with hypophosphorous acid-coated cotton fabric in sequence)

and CTHA?W (Hypophosphorous acid with egg white protein-

coated cotton fabric in sequence)

Table 1 TGA data in the presence of nitrogen for CT (control

fabric), CTHA (hypophosphorous acid-coated cotton fabric),

CTW (egg white protein-coated cotton fabric), CTW?HA (egg

white protein with hypophosphorous acid-coated cotton fabric

in sequence) and CTHA?W (hypophosphorous acid with egg

white protein-coated cotton fabric in sequence)

Sample T10 (�C) Tmax (�C) Char at 600 �C Char at 800 �C Ref

CT 311 346 0.9 0.2 This work

CTW 278 315 16.7 6.4 This work

CTHA 268 279 14.7 4.9 This work

CTW?HA 168 245 37.3 11.6 This work

CTHA?W 266 285 23.4 7.8 This work

COTDNA 23.0 Annalisa et al. (2016)

COT_caseins 18.0 Alongi et al. (2014)

COT_hydrophobins 19.0 Alongi et al. (2014)
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oxygen, generating exothermic heat that facilitated

further degradation of cellulose. Thus, all fabric

samples showed lower char residues compared to

those obtained with an inert nitrogen atmosphere (Lin

et al. 2019). Alongi et al. separately applied non-toxic/

eco-friendly coating materials like caseins and hydro-

phobins over cotton, and char residues were 18 wt%

and 19 wt%, respectively, at 600 �C under nitrogen

atmosphere, while in the presence of air it was reduced

to 2 wt% and 4 wt%, respectively (Alongi et al. 2014).

Annalisa et al. tried deposition of DNA derived from

herring sperm as coating, which yielded char residue

of 23 wt% and 6.9 wt%, respectively, in nitrogen and

air atmosphere (Annalisa et al. 2016). Bosco et al.also

reported 1.5 wt% and 2.5 wt% of char formation under

air atmosphere, when cotton fabric was separately

coated with folded and unfolded whey proteins,

respectively (Bosco et al. 2013). In the present

investigation, coating sequence of egg white protein

followed by hypophosphorous acid layer (single

bilayer over cotton fabric, CTW?HA) resulted in 37.3

wt% and 11.5 wt% of char residue under nitrogen

atmosphere at 600 �C and 800 �C, which was reduced

to 27.6 wt% and 11.4 wt% of char under an air

atmosphere at 600 �C and 800 �C, respectively.

Therefore, layer by layer coating of egg white protein

and HA, i.e., CTW?HA, showed relatively better

performance compared to earlier reports.

Surface morphology of control and coated cotton

fabrics

Surface morphology analysis of coated and control

fabrics using FESEM is presented in Fig. 4. The

control fabric (CT) showed a smooth surface without

any defect, whereas the HA-coated fabric (CTHA)

showed the formation of surface cracks. This is

possibly due to the destruction of certain cellulose

fibers, possibly because of the corrosive nature of HA.

On the other hand, the thickness of egg white layer

coated fabric (CTW) was higher compared to HA-

coated fabric (CTHA). Coating thickness is expected to

protect the fiber from corrosive HA during its appli-

cation as a second layer.

Egg white protein and hypophosphorous acid are

electrostatically linked through amino acid and phos-

phorus group of HA. The surface of fabric CTW?HA

appeared smooth without any defect. Egg white

protein as the first layer protected cotton fabric from

Table 2 TGA data in the presence of air for CT (control

fabric), CTHA (hypophosphorous acid-coated cotton fabric),

CTW (egg white protein-coated cotton fabric), CTW?HA (egg

white protein with hypophosphorous acid-coated cotton fabric

in sequence) and CTHA?W (hypophosphorous acid with egg

white protein-coated cotton fabric in sequence

Sample T10 (�C) Tmax (�C) Char at 600 �C Char at 800 �C Ref

CT 297 327 0.6 0.2 This work

CTW 275 308 8.07 3.8 This work

CTHA 251 260 12.9 2.9 This work

CTW?HA 255 267 27.6 11.4 This work

CTHA?W 268 277 18.7 7.4 This work

COTDNA 6.9 Annalisa et al. (2016)

COT_Folded whey protein 1.5 Bosco et al. (2013)

COT_Unfolded whey [protein 2.5 Bosco et al. (2013)

COT_caseins 2.0 Alongi et al. (2014)

COT_hydrophobins 4.0 Alongi et al. (2014)

Table 3 Surface element composition of CTW?HA (Egg white

protein with hypophosphorous acid-coated cotton fabric in

sequence)

Element wt% at%

C 43.06 51.44

O 30.49 27.35

N 16.03 16.42

P 8.09 3.75

S 2.33 1.04
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damage due to highly acidic HA. HA application

resulted in the formation of electrostatic linkages

between amino acid groups and HA.

Elemental composition and distribution

over the surface of coated cotton fabric

The elemental composition and distribution over the

surface of fabric were estimated through elemental

dispersive X-ray analysis (EDAX) coupled with SEM.

Figure 5 and Table 3 showed the elemental compo-

sition of CTW?HA. The main elements which impart

flame retardancy were nitrogen (N), phosphorus (P),

and sulfur (S) and their content on the surface of

CTW?HA were found to be 16.03%, 8.09% and 2.33%,

respectively.

Tensile strength of control and coated fabric

Tensile properties of control and coated fabric were

evaluated to understand the influence on mechanical

properties, and the data obtained are reported in

Table 4. The control fabric (CT) showed maximum

tensile stress of 11.5 MPa. The sample coated with

egg white protein (CTW) showed a 7.6% increase in

tensile stress compared to the control sample, possibly

because of electrostatic interactions between yarn and

egg white protein. CTHA showed the lowest tensile

stress compare to all coated samples due to the high

acidity of hypophosphorous acid, which destroyed the

structure of the fabric, thereby reducing its strength.

Interestingly, the tensile stress of CTW?HA was 217%

higher than CTHA and 80% lower than control.

Fig. 4 SEM image of a CT (control fabric), b CTHA (hypophosphorous acid-coated cotton fabric), c CTW (egg white protein-coated

cotton fabric) and d CTW?HA (egg white protein with hypophosphorous acid-coated cotton fabric in sequence)
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Flame retardancy behavior of control and coated

cotton fabrics

Flame retardancy of control and coated fabrics were

examined using LOI tests. The control sample was

easily ignited and had an index of 18%, while CTW

Fig. 5 EDAX picture of

CTW?HA (Egg white protein

with hypophosphorous acid-

coated cotton fabric in

sequence)

Table 4 Tensile stress data

of control CT and coated

samples CTW, CTHA,

CTW?HA

Sample name Maximum tensile stress (MPa) Tensile strain (mm/mm)

CT 11.5 ± 05 0.02175 ± 0.0005

CTW 12.4 ± 05 0.02234 ± 0.005

CTHA 0.9 ± 05 0.02330 ± 0.005

CTW?HA 2.9 ± 05 0.00984 ± 0.005

Fig. 6 Digital pictures of a CT (control fabric) before burning,

b CT after burning, and c CTW?HA (egg white protein with

hypophosphorous acid-coated cotton fabric in sequence) after

burning

Fig. 7 Digital pictures of a CT (control fabric) before burning,

b CT after burning, and c CTW?HA (egg white protein with

hypophosphorous acid-coated cotton fabric in sequence) after

burning
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and CTHA had LOI values of 22% and 23%, respec-

tively. Interestingly, CTW?HA showed a higher LOI

value (26%) compared to all other samples. Vertical

Fire Test (VFT) for 12 s and BS EN ISO 15025

standard test of 10 s were also carried out to establish

the susceptibility to ignition and sustained flaming of

CTW?HA sample and control fabric (CT). Figures 6

and 7 show the images of control fabric and coated

fabric before and after burning through VFT and BS

EN ISO 15025 tests, and related data on flammability

are presented in Table 5 and 6. The control fabric did

not produce any char, and after-glow time was

26 ± 5 s in VFT and 130 ± 5 s in BS EN ISO

15025 test. CTW?HA sample resulted in a fragile char,

and no after-glow phenomenon was observed. Coating

played a crucial role in promoting dehydration reac-

tion and char formation during burning.

After the VFT test, morphologies of control fabric

(CT) and coated cotton fabric (CTW?HA) were sepa-

rately tested using FESEM (Fig. 8). The control fabric

generated ash with no char, but a continuous char layer

appeared with CTW?HA. The char formation occurred

due to dehydration of cellulose, which was catalyzed

due to the presence of hypophosphorous acid. FESEM

images of CTW?HA interestingly showed the appear-

ance of numerous bubbles due to the escape of

volatiles from the surface and thus resulting in

swelling of the fibrous structure of char. This swollen

(intumescent) structure of char prevented the interac-

tion of combustible mass from arial oxygen and

external heat source (Liu et al. 2017; Zhang et al.

2018). These bubbles also confirmed the intumescent

behavior of coating. Results indicated that the syner-

gistic effect between nitrogen (egg white protein) and

phosphorus (hypophosphorous acid) leads to the

formation of a char network.

Cone calorimeter test of control and coated fabric

Flammability behavior of control and coated fabric in

terms of mass loss rate (MLR), total heat release rate

(THR), peak heat release rate (PHRR), and average

rate of heat emission (ARHE) was also measured

using a cone calorimeter. The data trends are shown in

Fig. 9 and Table 7. CTW?HA showed a much lower

heat release rate than control fabric. Control fabric

burnt rapidly with higher MLR (514 g/m2.s), PHRR

(77 kW/m2), THR (2.8 MJ/m2) and ARHE (11.7 kW/

m2). However, coated sample (CTW?HA) showed

excellent results with significantly lower MLR

(2.1 g/m2.s). PHRR, THR, and ARHE were reduced

by 80%, 38% and 40%, respectively, as compared to

the control fabric. These results showed that coated

sample CTW?HA had better flame retardancy even if

compared to previously reported studies on cotton

coated with different proteins such as caseins, DNA

Table 5 Vertical flame test

data of CT and CTW?HA

ASTM D6413 results CT CTW?HA

After-flame time (s) 15 ± 5 1 ± 0

After-glow time (s) 26 ± 5 0

Char length (mm) 300 7.9

Occurrence of meting or dripping No No

Hole formation Yes No

Comments Complete burn off, ash Char

Test passed No Yes

Table 6 Results for CT

and CTW?HA in accordance

with BS EN ISO 15025

BS EN ISO 15025 results CT CTW?HA

After-flame time (s) 74 ± 5 1 ± 0

After-glow time (s) 130 ± 5 0

After-glow beyond the flame area No No

Hole formation Yes No

Comments Complete burn off, ash Extinguishes suddenly and char

Test passed No Yes
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and egg white protein. In previous studies, Alongi

et al. (Alongi et al. 2014) showed that treated cotton

with caseins had reduced PHRR value by 27% (Bosco

et al. 2015) reported a 22% reduction in PHRR value

with DNA (obtained from herring sperm) coated

fabric. When egg white protein with phytic acid to

treat the cotton fabric by Liu et al., a reduction of 23%

in PHRR and 67% reduction in THR value (Liu et al.

2020) was noted as compared to control. Therefore, in

contrast to literature reports, the protective layer

formed on the fabric surface due to electrostatic

interactions of egg white protein and

hypophosphorous acid has shown a better flame

retardancy performance.

Water soak test of coated fabric

A water soak test was performed to know the wash

stability of the coating with water. For this purpose, a

preweighted CTW?HA was dipped in water for 30 min

at room temperature. Subsequently, the wet sample

was dried and weighed again. It was observed that the

weight of the coated fabric was reduced by 9.67 wt%.

As mentioned earlier, the combination of egg white

protein and hypophosphorous acid bind to each other

Fig. 8 SEM images at different magnifications of a CT after burning and b CTW?HA after burning. The scale bar and magnification of

the right side image are 50 lm and 600 9 . The scale bar and magnification for the left side are 20 lm and 1000 9
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through electrostatic interaction that opposed the

dissolution of coating in water during the water soak

test. In addition, LOI and vertical flame tests were

performed on the coated fabric (CTW?HA) after the

water soak test. The LOI value was reduced by 2%

after the water soak test. In the vertical flame test,

after-flame was observed for 30 ± 5 s, and the after-

glow was not seen (Fig. 10). This could be attributed

to phosphorus-nitrogen synergism formed due to

interactions between egg white protein and HA.

Based on the obtained results, it is clear that a

primary layer coating of egg white protein and a
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Fig. 9 a Heat release rate vs. time, b Total heat release rate vs. time, and c average rate of heat emission vs. time curves of control and

coated fabrics

Table 7 Cone calorimeter data of control and coated fabric

Sample name PHRR (kW/m2)

(reduction, %)

THR (MJ/m2) (reduction, %) ARHE (kW/m2) MLR (g/m2.s) Ref.

CT 77 2.8 11.7 514 This work

CTW?HA 14 (80) 1.7 (38) 6.9 (40) 2.1 This work

CT_Caseins 27 Alongi et al. (2014)

COT-FHT DNA 22 Bosco et al. (2015)

COT-Pro?PA 23 67 Liu et al. (2020)
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secondary layer of hypophosphorous acid will give the

best flame protection to the fabric. The egg white

protein initiated decomposition at higher temperatures

and produced less-flammable substances (Liu et al.

2020), while phosphorous acid promoted dehydration

of cellulose. The combined effect of egg white protein

and hypophosphorous acid resulted in swelling of the

fibrous structure. This swollen structure worked as a

thermal barrier to protect the underlying fabric from

heat and oxygen.

Conclusions

The layer-by-layer flame retardant coating was

applied on cotton fabrics by adopting a water-based

method that combined egg white protein and

hypophosphorous acid.

1. The gain in weight percentage with CTW, CTHA,

CTW?HA, and CTHA?W were 8.4%, 4.3%, 16.3%,

and 19.8%, respectively. A remarkable lowering

in Wg% with the HA layer was attributed to the

acidic nature of HA. Hence, the egg white layer

was preferred as the primary layer.

2. ATR-FTIR spectra data on CTW?HA has con-

firmed the electrostatic interactions (nitro-phos-

pho) between egg white protein and HA, which

resulted in P = O, amide-I, and amide-II peaks.

3. TGA analysis under nitrogen and air environment

showed that most of the mass loss occurred

between 200–800 �C. CTW?HA showed minimum

weight loss compared to all other samples, and

char residues were 37.3 wt% and 11.6 wt% at 600

�C and 800 �C in nitrogen and 27.6 wt% and 11.4

wt% in an air environment at 600 �C and 800 �C,
respectively.

4. EDAX analysis of the surface of CTW?HA coating

showed the presence of nitrogen, phosphorus, and

sulfur as 16.03%, 8.09%, and 2.33%, respectively.

5. CTW?HA fabric exhibited improved flame retar-

dancy with 26% LOI value and self-extinguishing

properties as estimated through VFT and BS EN

ISO 15025 tests. The control fabric did not

produce any char. The after-glow time was

26 ± 5 s and 130 ± 5 s, respectively, with VFT

and BS EN ISO 15025 tests. But, CTW?HA fabric

resulted in significant char formation and showed

no after-glow phenomenon.

6. In cone calorimeter test, PHRR, THR, and ARHE

values of CTW?HA fabric were reduced by 80%,

38%, and 40%, respectively, while MLR value

was reduced from 513.6 to 2.1 g/m2.s compared to

control fabric.

7. The evolution of volatile gases during forced

combustion tests resulted in the formation of

numerous bubbles and swelling, as shown from

the SEM images of the char of CTW?HA. This

would prevent the interaction of combustible mass

from oxygen and heat.

8. Vertical flame test after water soak sample

CTW?HA exhibited lower fire retardancy but

showed no after-glow.

Therefore, a coating made with egg white protein

(as a primary layer) followed by HA has resulted in an

excellent performance as a flame retardant layer on

cotton fabrics.
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