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Abstract As a renewable, abundant, and eco-

friendly bio-based compound, phytic acid (PA) pos-

sesses high phosphorus content, which is a potential

flame retardant for cellulosic fibers. Generally, PA is

not efficient for cellulosic fibers due to strong acidity

that results in greatly reduced strength and lack of soft

hand. As proved elsewhere, the compounds with

phosphorous and nitrogen was reported to be an

efficient flame retardant and exhibited synergistic

effect for cellulosic fibers. Therefore, PA was firstly

reacted with urea to synthesize a novel green flame

retardant containing a high level of phosphorus and

nitrogen elements, i.e., phytic acid ammonium, then it

was employed for lyocell fibers through pad-dry-cure

finishing process. As expected, flame retardancy and

durability of finished lyocell fabrics were considerably

improved, as evidenced by an increase of limiting

oxygen index value up to 39.2% and still 29.7% after

30 laundering cycles. TG–MS and TG–FTIR coupled

techniques demonstrate that the formation of

carbonaceous residue and non-combustion gases

preferably generated during thermal pyrolysis process

of finished lyocell fibers.

Keywords Phytic acid � Lyocell fiber � Flame

retardant � Durable � Synergistic effect

Introduction

Lyocell fibers have been recognized as one of the most

popular ‘‘green’’ man-made regenerated cellulosic

fibers, and widely used in textiles industry, e.g.,

carpets, curtains and clothing because they possess

numerous advantages, especially high strength, good

moisture absorption and soft hand (Hall et al. 1999;

Joshi et al. 2010). However, similar to other cellulosic

fibers, lyocell fibers are inflammable which would

limit their application if not given flame retardant

treatment by one of several methods, e.g., chemical

grafting (Bai et al. 2014), blending spinning (Seddon

et al. 1996) and finishing process (Kim et al. 2016).

Chemical grafting method is efficient to prepare

durable fire retardant cellulosic fibers.

Alternative methods for obtaining durable fire

retardant lyocell fibers are blending and finishing.

Typically, the blending strategy introduced flame

retardants during spinning process of lyocell fibers.

The spinning solution containing flame retardants is

extruded through an orifice, drawn into an air gap, and
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precipitated in a coagulation bath (Loubinoux and

Chaunis 1987). Flame retardants should possess

excellent dispersibility and compatibility with spin-

ning solution. To achieve high degree of durability and

flame reatardancy, a relatively larger amount of flame

retardants is required, which not only increase the

production cost but also deteriorate the physical

properties of fibers. Delhom et al. added organic

modified montmorillonite nanoparticles into cellu-

lose/NMMO/water spinning solution (Delhom and

White 2010). The char residue of flame retardant

lyocell fibers shows a positive dependence on clay

amount. The char yield can reach 30% with 15 wt%

clay addition. Generally, the blending method is

simple, easy to handle, cost-effective, and can impart

lyocell fibers better flame retardancy. However, the

mechanical properties of lyocell fibers will be affected

due to a high amount of flame retardant addition.

Besides, flame retardant will be lost in spinning and

washing processes, thus inducing a decrease of flame

retardant durability of lyocell fibers.

The finishing method can firmly bind flame retar-

dant units to lyocell fibers through covalent bonding,

which can significantly enhance flame retardant dura-

bility. Pyrovatex CP new (Yang et al. 2005) and

Proban (Zhang and Horrocks 2010) are two represen-

tative industrialized flame retardant finishing methods

for obtaining high durability. For example, Helena

et al. utilized Provatex CP and a cross-link agent

methylolated melamine to finish lyocell fibers (Sed-

don et al. 1996). The LOI value of finished lyocell

fibers was 40% indicating high flame retardancy.

However, the use of methylolated melamine will

release high levels of formaldehyde during finishing

and using processes. Formaldehyde is now regarded as

a carcinogenic compound by World Health Organiza-

tion (Nielsen and Wolkoff 2010). Therefore, it is an

urgent issue to decrease or eliminate the amount of

formaldehyde. Moreover, Naveed et al. prepared

flame retardant lyocell fibers by replacing methylo-

lated melamine with citric acid as the cross-link agent

using similar finishing system (Mengal et al. 2016).

Surprisingly, the amount of formaldehyde decreased

25% compared with previous research. However, the

flame retardant durability of the treated lyocell fibers

became poor. In a word, the main drawback of

Pyrovatex CP method is the release of toxic degrada-

tion products during the combustion process (Hor-

rocks 2011). Especially, the strict safety laws and

regulations concerning fibers and textiles were for-

mulated and reinforced in recent years (Zhang et al.

2016a, b). Thus, it becomes increasingly important to

develop halogen-free, formaldehyde release-free, and

green fire retardant agents for lyocell fibers in view of

human’s life and environmental conservation (Kai

et al. 2016; Zhang et al. 2016a, b). Recently, many

researchers have paid their attention to using renew-

able biomacromolecule such as DNA (Alongi et al.

2013a, b; Carosio et al. 2013; Alongi et al. 2013a, b),

protein (Bosco et al. 2013; Wang et al. 2014a, b;

Alongi et al. 2014), starch (Carosio et al. 2015), green

natural materials banana pseudostem sap (Basak et al.

2015) and coconut shell extract (Basak et al. 2016) as

flame retardants (Costes et al. 2017).

Abundant in plant tissues (soy beans, cereal grains

and oil seeds), phytic acid (PA) is one of major storage

forms of phosphorus-containing natural compounds

(28 wt% phosphorus content based on molecular

weight) (Hadi and Zotz 2014). As a biocompatible,

environmentally friendly, and nontoxic organic phos-

phoric acid, PA has been applied in a variety of fields

(Wang et al. 2014a, b), particularly as a flame

retardant. Zhou et al. successfully used PA as a doping

acid or co-dopant to increase flame retardancy of

polyaniline deposited paper composite (Zhou et al.

2015). Cheng et al. utilized PA to flame retard poly

(lactic acid) non-woven fabric through pad-dry-cure

process (Cheng et al. 2016). Additionally, Zhang et al.

reported a green and renewable intumescent flame

retardant system based on ionic complexation between

PA and chitosan for ethylene-vinyl acetate copoly-

mers (Zhang et al. 2014). To the best of our

knowledge, there is no report on the use of PA as the

flame retardant cellulosic fibers. Considering that PA

possesses both a special chemical structure and a high

phosphorus content, it is potential for serving as a

facile, eco-friendly, and efficient flame retardant

finishing agent of cellulosic fibers.

The aim of the present paper is to explore a novel,

eco-friendly and durable phosphorus and nitrogen-

containing PA-based flame retardant agent (phytic

acid ammonium, PAA) to improve the flame retar-

dancy of lyocell fibers through pad-dry-cure process.

The structure and surface morphology of the treated

lyocell fibers were investigated in detail. Thermo-

gravimetry-mass spectrometry (TG–MS) and thermo-

gravimetry-infrared spectrometry (TG–FTIR) coupled

techniques have been employed to evaluate the
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combustion behaviors and thermal stability of the

treated lyocell fibers.

Experimental

Materials

Lyocell fibers (1.33 9 38 mm) were friendly supplied

by Shandong Yingli Industrial Co., LTD. (Shandong,

China), and were woven into lyocell fabrics for LOI

test and vertical burning test. Phytic acid (PA, 70 wt%

aqueous solution) was purchased from Nanjing

Xiezun Chemical Co. LTD (Nanjing, China). Urea

and dicyanodiamide were analytical grade reagents

and obtained from Tianjin Guangfu Fine Chemical

Research institute (Tianjin, China). All regents were

used as received.

Synthesis of phytic acid ammonium (PAA)

PAA was synthesized via the reaction of PA and urea,

as shown in Scheme 1. 20.00 g PA (70 wt% aqueous

solution) and 12.74 g urea were added into a 250 mL

three-necked flask equipped with a magnetic stirrer

and a reflux condenser. Then the flask was placed into

an oil bath at 100 �C. After 1.5 h, a yellow and

transparent liquid was obtained and slowly cooled

down to room temperature. The crude product was

purified by precipitating in N, N-dimethylformamide

(DMF), filtered, and dried in vacuum at 28 �C. The
pure product was obtained in 78% yield as a white

solid. The number of hydrogen atoms corresponded

with that of PAA in Scheme 1. 1H NMR (D2O,

600 MHz) d(ppm): OH (2.7S, 2.8s); NH4 (3.4s, 3.5s,

3.9s, 4.1s); CH (7.7s). The separation between mul-

tiple peaks indicated the successful reaction of urea

with phytic acid. The elemental analysis results were

O (44.5%), C (8.9%), H (5.9%), N (10.8%), P (29.9%),

which agreed well with the theoretical values.

Preparation of fire retardant lyocell fibers

Firstly, lyocell fibers were immersed in the solution

containing PAA and dicyanodiamide. Secondly, the

mixture was placed in a thermostatically controlled

water bath at 50 �C for 0.5 h. Finally, the lyocell fibers

were passed through a padder with two dips to reach a

wet pickup of 100 wt%, dried at 100 �C for 5 min, and

cured at 200 �C for 2.5 min. The reaction between

PAA and lyocell fibers is shown in Scheme 2.

Washing procedure

The washing procedure of all samples (fire retardant

lyocell fibers after 0, 5, 10, 20 and 30 washing cycles)

was carried out referring to AATCC Test Method

61-2003 test NO.1A with 0.37% detergent (Xue et al.

2016). The water temperature was set to 40 �C.

Characterization

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of PAA and lyocell fibers were recorded

with KBr powder using a Nicolet iS50 FTIR infrared

spectrophotometer. The resolution factor of FTIR

spectrometer was 0.09 cm-1, and the spectral range

was from 4000 to 400 cm-1.

Scanning electron microscopy (SEM)

The surface morphology of all samples and their char

residue was measured by a scanning electron micro-

scope (Hitachi S4800, Zeuss, Japan). As lyocell fiber

and its char residue possess poor electrical conductiv-

ity, the electrons will concentrate on their surfaces and
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form electronic aggregates when scanned by electron

beam. This feature causes imaging faults. Therefore,

all the fiber samples and their char residues were

coated with gold before SEM measurements to

increase the electric conductivity of lyocell fiber and

its char residue and achieve good imaging ability.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on an AXIS-Ultra

DLD XPS spectrometer (K-alpha) using monochro-

matic Al Ka (1486.6 eV) excitation at a reduced

power of 100 W. The residual pressure in the analysis

chamber was about 10-9 Pa. The range of kinetic

energy for full spectra was between 0 and 1400 eV,

and the step size for the high-resolution scan was

0.1 eV. Binding energies were calibrated with respect

to the C 1s core level peak at 284.6 eV. Fiber samples

were dried for 2 h at 40 �C under vacuum, and then

attached to the object stage with double-sided adhe-

sive tape for test.

Thermogravimetric analysis (TG)

The thermal stabilities of all samples were evaluated

by TG analysis, using STA449F3 thermogravimetric

analyzer from 40 to 800 �C with a heating rate of

10 �C min-1 in nitrogen.

Limiting oxygen index (LOI)

The LOI refers to the minimum concentration of

oxygen in a mixture of oxygen and nitrogen, which is

often used to study the flammability of materials. The

flammability of all fabrics was determined by LOI

according to ASTM D6413-08 LOI instrument. The

vertical burning tests were performed to observe the

flame retardant properties of modified fabrics at room

temperature with a related humidity of 63%. The

flame length of the burner was 50 ± 2 mm. The

sample dimensions were 200 mm 9 80 mm and fixed

vertically in the chamber. The entire burning process

was recorded by a digital video recorder.
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Thermogravimetry-infrared spectrometry (TG–IR)

TG–IR of lyocell fibers was performed using the STA

6000 thermogravimetry analyzer that was interfaced

to Frontier FTIR spectrophotometer. About 5.0 mg

lyocell fibers were put in an alumina crucible and

heated from 40 to 900 �C. The heating rate was set as

20 �C min-1 (nitrogen atmosphere, flow rate of

30 mL min-1).

Thermogravimetry–mass spectrometry (TG–MS)

TG–MS analysis of the gases evolved from the

samples was conducted simultaneously using the

STA-4493 with Skimmer coupled to a quadruple mass

spectrometer QMS403C (maximum 300 amu). The

TG experiments were operated from room tempera-

ture to 800 �C at a heating rate of 10 �C min-1 under

continuous flow of N2 (100 mL min-1). A transfer

line, specially designed to connect a vacuum pump in

order to optimize the amount of evolved gas, trans-

ferred from the TG to the MS. The measurement of

outlet gas via mass spectrometric intensities was

plotted as a function of temperature that showed two

well separated regions of devolatilization.

Results and discussion

Surface structure

Preliminarily, phytic acid (PA) was directly used as

the finishing agent to treat lyocell fibers under

different conditions but the mechanical properties

and handing softness of modified fibers lowered

greatly. It is mainly caused by the strongly acid

medium of PA aqueous solution (pH = 1–2). As

proved elsewhere, the compounds bearing phospho-

rous and nitrogen elements were reported to be

efficient flame retardants and exhibited synergistic

effect for cellulosic fibers (Zhao et al. 2016; Gaan and

Sun 2007; Chen andWang 2010). Adopting this rule, a

facile, novel, eco-friendly flame retardant, phytic acid

ammonium (PAA), has been synthesized with a high

yield via the reaction of PA and urea at 100 �C, as
shown in Scheme 1. Theoretically, PA contains six

phosphoric acid members and can react with 1–6 urea

equivalents, yielding PAA with varied contents of

flame retardant elements (corresponding to

27.5–21.5 wt% of phosphorous and 2–19% nitrogen,

respectively). The structure of PAA was confirmed by

XPS, FTIR, and 1H NMR. Therefore, the resultant

PAA was used to finish lyocell fibers through a pad-

dry-cure process, with the purpose to prepare durable

flame retardant lyocell fibers. It must be noted that the

flame retardant treatment did not considerably change

the mechanical properties and handing softness of

lyocell fabrics. The fracture strength of treated lyocell

fabrics by flame retardant PAA only show a loss by ca.

8% compared with that of control sample.

Firstly, the structures of control and modified

lyocell fibers are characterized by FTIR technique,

as illustrated in Fig. 1. For the control lyocell fibers,

the characteristic broad peak at 900–1200 cm-1 is

clearly observed. The broad band at around

3340 cm-1 assigns to OH stretching vibration, while

the band at 1640 cm-1 assigns to OH bending

vibration (Sahito et al. 2015). For the modified lyocell

fibers, several new characteristic peaks originated

from flame retardant PAA are observed. Obviously,

the strong absorption peaks at 1450 and 3210 cm-1

attribute to bending and stretching vibrations of NH4
?

units. The peak at 1510–1770 cm-1 attributes to

stretching vibration of O–P–O unit. The band at

1230 cm-1 assigns to P=O stretching vibration

(Gospodinova et al. 2002). Consequently, the results

confirm that –P=O(O–NH4
?)2 group of PAA did react

with OH group of cellulose unit of lyocell fibers,

forming the P–O–C covalent bonds.
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Fig. 1 FTIR spectra of phytic acid ammonium (PAA), control

lyocell fibers (CLF), modified lyocell fibers (MLF), and

modified lyocell fibers after 5 washing cycles (MLFW)
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Surface chemical composition

XPS analyses of flame retardant PAA, control lyocell

fibers (CLF), modified lyocell fibers (MLF), and

modified lyocell fibers after 5 washing cycles

(MLFW)) were performed. Their spectra and detailed

surface chemical compositions (at.%) are shown in

Fig. 2 and Table 1. Besides the peaks at * 286 and

* 533 eV respectively corresponding to C1s and O1s

of CLF, two new peaks from flame retardant PAA, N1s

(5.9%, * 400 eV) and P2p (1.4%, * 134 eV) are

detected in the XPS spectrum of MLF.

For the fibers after 5 washing cycles (MLFW), the

intensities of N1s (2.4%, * 400 eV) decreased as

ionic bonds between phosphorous acidic anion and

ammonium cation have suffered damage to a certain

degree when fibers have undergone through hash

washing process. However, there is a slight increase

for P2p (1.5%, * 134 eV) compared with that of

MLF (1.4%, * 134 eV), indicating the formation of

the firm ester linkage between PAA and cellulose unit.

Thus the results further proved that flame retardant

PAA has been successfully grafted onto the surface of

lyocell fibers. Moreover, it is found that the ratio of

N/P in PAA (8.7/11.2, entry 1 in Table 1) is less than

that in MLF (5.9/1.4, entry 3). The increase of N

content may be ascribed to the fact that the finishing

agent used for fiber was the reaction solution of PA

and urea without any further purification, and the

excessive residual urea existed in the surface of fiber

after finishing process. This deduction was also

confirmed from the decrease of N content for MLFW

after only 5 washing cycles (2.4/1.5, entry 4). An

additional case for the increase of N content in MLF

was the introduction of dicyanodiamide in the finish-

ing process.

Surface morphology

The changes in surface morphology of control and

modified fibers were measured by SEM technique

(Fig. 3). The surface of control sample is very smooth

without obvious defects (A). Contrarily, the surface of

modified sample becomes slightly rough, indicating

that some new substances adhere to the fiber surfaces

(B). Similar phenomenon is also observed for the

samples after 5, 10, 20, and 30 washing cycles (C, D,

E, and F). The results show that the surface structures

of lyocell fibers finished with flame retardant PAA

have been changed, and insignificantly influenced by

washing processing, demonstrating that PAA success-

fully reacted with cellulose unit and formed firm

covalent bonding.
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Fig. 2 XPS spectra of phytic acid ammonium (PAA), control

lyocell fibers (CLF), modified lyocell fibers (MLF), and

modified lyocell fibers after 5 washing cycles (MLFW)

Table 1 XPS elemental analyses for phytic acid ammonium

(PAA), control lyocell fibers (CLF), modified lyocell fibers

(MLF), and modified lyocell fibers after 5 washing cycles

(MLFW)

Sample XPS atomic percent (at.%)

C O N P

PAA 35.9 44.2 8.7 11.2

CLF 65.7 29.5 – –

MLF 68.5 19.0 5.9 1.4

MLFW 66.1 22.0 2.4 1.5
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Furthermore, the surface morphology of char

residues of all samples after combusting is also

exhibited in Fig. 3. Compared with control sample

burning into ash (a), all other burned samples gener-

ated compact and continuous char layers even after

undergoing various washing cycles (b–f). The car-

bonaceous residues were produced by dehydration of

cellulose catalyzed by phosphorus from flame retar-

dant (Hendrix and Barker 2010). Many small bubbles

resulting from volatile gases on the surface of all char

residues were visible, forming special swollen fibrous

structures. The carbonaceous layer served as a phys-

ical barrier and shielded combustible products from

oxygen and heat, efficiently protecting the matrix of

modified lyocell fibers (Liu et al. 2015). Based on the

above results, flame retardant PAA displayed excel-

lent flame retardancy for lyocell fibers.

Flame retardant performance

The vertical burning tests were also utilized to visually

observe fire retardant performances of the control and

modified lyocell fabrics (Fig. 4). Clearly, when the

control sample was exposed to the flame after only 1s,

it burned intensely, quickly, and completely without

any remained char residue. Conversely, for the

modified samples and ones after undergoing various

washing cycles, they did not burn obviously when

Fig. 3 SEM micrographs of control lyocell fibers (A), modified lyocell fibers after 0 (B), 5 (C), 10 (D), 20 (E), and 30 (F) washing
cycles, and char residue of control lyocell fibers (a), and modified lyocell fibers after 0 (b), 5 (c), 10 (d), 20 (e), and 30 (f) washing cycles
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exposed to the flame even after more than 30s. Thus

the great contrast suggests that the modified fabrics

possess excellent flame retardancy.

Limiting oxygen index (LOI) refers to the minimal

oxygen concentration that supports the combustion of

a particular material (Cavdar 2014). LOI is an

important criterion to evaluate flame retardant perfor-

mance of modified lyocell fabrics. Figure 5 shows the

evolution of LOI values of all modified lyocell fabrics

with washing cycles. The LOI value of control sample

was 17.0%, far lower than flame retardant standard of

cotton fabrics (LOI = 26.0–28.0%). In contrast, the

LOI value of modified sample rose up to 39.2%,

significantly higher than that of control sample. After

5 washing cycles, the LOI value decrease down to

36.5%. With the further increase of washing times, the

LOI value gradually decreased. However, the LOI

value of modified sample after 30 washing cycles is

30.5%, still meeting the flame retardant standard. The

introduction of PAA into lyocell fabrics includes

chemical bonding or adhering to surface of fabrics

through physical interaction. Thus flame retardants

adhered to surface of fabrics would be prone to lose

during rigorous washing process, leading to the

decrease of the LOI values of modified samples.

Fortunately, the covalent bonding between PAA and

lyocell fabrics was very stable during washing

process, and flame retardant synergistic effect between

phosphorus and nitrogen did work well during the

combustion. As a result, the fire retardant performance

and durability of modified lyocell fabrics remained

higher levels.

Thermal stability

Thermogravimetric analysis

Thermogravimetric (TG) analysis was firstly used to

evaluate thermal stability of flame retardant phytic

acid ammonium (PAA), control lyocell fibers (CLF),

modified lyocell fibers (MLF), and MLF after 5

washing cycles (MLFW). TG and derivative thermo-

gravimetric (DTG) curves of all samples and the

corresponding detailed data are shown in Fig. 6 and

Tables 2 and 3 respectively.

PAA show a four-stage weight loss plot, and the

detail data are presented in Table 2. The first stage

with a weight loss of 1.08% due to moisture occurred

at 70–148 �C. The second stage with a 26% weight

loss occurred at 148–269 �C, attributed to the remov-

ing of OH and NH groups and the producing of

numerous non-combustion gases. The third stage with

a 16.32% weight loss associated with the carboniza-

tion process of phytic acid occurred at 269–590 �C.
The last stage with a 35% weight loss was observed

when temperature increased to 800 �C, attributed to

the thermal pyrolysis of phytate groups and the

oxidation of elemental carbon formed in the previous

stages. The detailed thermal degradation studies about

PAA are beneficial for analyzing the flame retardant

mechanism of lyocell fibers modified with PAA.

Clearly, the initial decomposition temperature of PAA

is much lower than that of control lyocell fibers

Fig. 4 Vertical burning photographs at 30 s for the control

lyocell fabrics (CLF), modified lyocell fabrics (MLF), and

modified fabrics after 5 (MLFW_5) and 30 (MLFW_30)

washing cycles
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Fig. 5 Evolution of LOI value of fire retardant lyocell fabrics

with washing cycles
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occurred at 318 �C (Fig. 6), suggesting that PAA is

potential for serving as a high efficiency flame

retardant for lyocell fibers.

For the control sample, the weight loss with ca.

76.00% occurred at 318–380 �C, and the residue under
nitrogen at 700 �C was 16.48% (entry 1 in Table 3).

Contrarily, for the modified sample, the weight loss

(ca. 30.32%) decreased sharply at 251–290 �C, and

the residue at 700 �C was 38.89% (entry 2). Likewise,

for the modified sample after 5 washing cycles, the

weight loss (ca. 30.32%) decreased sharply at

251–290 �C, and the residue at 700 �C was 39.63%

(entry 3). Therefore, PAA-treated lyocell fibers pos-

sessed excellent and durable flame retardancy com-

pared with the untreated sample. The results indicate

that PAA decomposes firstly and releases a large

amount of non-combustion gases during burning,

which absorbs heat and dilutes the combustion gases

before pyrolysis of cellulose units. Furthermore, the

phyosphorylated cellulose undergoes catalytic dehy-

dration and forms carbonaceous residue, which serves

as an efficient physical barrier to protect the combus-

tion products from the oxygen and heat (Xiong et al.

2012).

TG–IR coupled analyses

In order to obtain the structure information of degra-

dation products, the evolved gases of lyocell fibers

from TG furnace are simultaneously inspected by

FTIR analyses. That is, the coupled TG–IR technique

can directly provide identification of volatilized

products, which significantly contributes to under-

standing thermal degradation mechanism (Chen and

Jiao 2008). FTIR spectra of control lyocell fibers

(CLF), modified lyocell fibers (MLF), andMLF after 5

washing cycles (MLFW) for gas products in the

temperature range of 160–360 �C were detected

(Fig. 7). For all samples, some small molecule

gaseous species are easily identified by their charac-

teristic absorbance peaks, such as CO2 at 2360 cm-1,

H2O at 1200–1800 and 3400–4000 cm-1. The absor-

bance bands of other decomposition products are

observed due to characteristic bands of functional

groups, i.e., alkane at 2974 cm-1, carbonyl at

1748 cm-1, and C–O–C at 1100 cm-1.
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Fig. 6 TG and DTG curves of phytic acid ammonium (PAA),

control lyocell fibers (CLF), modified lyocell fibers (MLF), and

modified lyocell fibers after 5 washing cycles (MLFW) in

nitrogen

Table 2 Thermogravimetric analysis data of four decomposition stages for flame retardant phytic acid ammonium (PAA) in nitrogen

Stage Tonset (�C) Tmax (�C) Rmax
a (%/�C) Weight lossb (%)

1 70.5 90.4 0.24 1.08

2 148.0 170.4 3.69 25.59

3 269.1 290.8 1.25 16.32

4 590.0 649.1 2.42 34.80

aThe rate of decomposition
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One of the main volatilized gaseous products can be

identified as CO2, appeared at 180 �C at first. The

formation of CO2 may by produced by the scissions of

pending –CH2O unit. The intensity of characteristic

peak for CO2 at 2360 cm-1 gradually increases with

temperature up to 360, 280, and 300 �C for CLF,

MLF, and MLFW, respectively, and then turns to a

rapid decrease. The volatilized products observed at

260 �C are considered as levoglucosan and furane

derivatives, as seen from characteristic groups of C=O

and C–O–C. Importantly, the intensities of C=O peak

at 1748 cm-1 and C–O–C peak at 1064 cm-1 for

modified lyocell fibers (Fig. 7b) are much weaker than

those of the control sample (Fig. 7a). This phe-

nomenon originates from the inhibited pyrolysis of

cellulose unit by flame retardant PAA. When temper-

ature raised up to 280 �C, a new peak at 2974 cm-1

attributing to alkane compound did appear in all

spectra. Contrarily, the peak at 2974 cm-1 disappears

for MLF and MLFW (Fig. 7c) as PAA inhibits the

generation of combusting products such as alkane and

furane derivatives. Besides, two new peaks at 964 and

930 cm-1 are observed for MLF, which is identified as

NH3 from ammonium group of PAA. Though MLFW

releases a lesser amount of NH3 compare with MLF, it

still exhibits higher flame resistance due to the

function of phosphorus element. Particularly, it is

worth mentioning that the decomposition tempera-

tures of modified fibers (MLF and MLFW) are

obviously lower than that of control fibers (CLF),

due to the decomposition of PAA. These results are in

consistence with the results of TG analyses.

TG–MS coupled analyses

As TG–FTIR analyses only provide qualitative infor-

mation about pyrolysis products, TG–MS is favorable

to investigate the exact composition of decomposed

products and the relative pyrolysis mechanism of

PAA-treated lyocell fibers during the combusting

process (Cavdar 2014). For the control or modified

lyocell fibers, the ion signals detected at m/z = 16, 18,

30, 44 and 84 correspond to CH4, H2O, C2H6, CO2 and

C6H12, respectively (Fig. 8). This reveals that the

cellulose unit proceeds to dehydrate and decarboxyl-

ize during burning, releasing muchmore water, carbon

dioxide, and etc.

Initially, a small absorption peak of H2O below

100 �C is observed, indicating of the incorporation of

water molecules into lyocell fibers. When temperature

rises up to 300 �C, the modified sample (Fig. 8b)

shows a reduced abundance of water compared with

control sample (Fig. 8a), i.e., a decreased amount of

water was generated from the thermal degradation of

fire retardant sample. For the modified sample, the

generation of CO2, CH4, C2H6, and C6H12 show a

same rule, and their peaks significantly decreased

compared with those of control sample, even the peak

of C6H12 disappeared. It demonstrates that PAA

disturbed the thermal decomposition process of fire

retardant lyocell fibers and restrained sustaining

burning of cellulosic structure. Hence, PAA can be

used as a suitable flame retardant for lyocell fibers and

inhibits fibers’ pyrolysis. Moreover, a similar phe-

nomenon occurs for MLFW (Fig. 8c), illustrating the

excellent durability of fire retardant fibers undergone

through repeated washing process. All the results are

consistent with TG–IR coupled analysis results.

Mechanism analyses

Based on the coupled analysis results of TG–IR and

TG–MS, the possible flame retardant mechanism for

PAA-finished lyocell fibers is presented. As shown in

Table 3 Thermogravimetric analysis data of control lyocell fibers (CLF), modified lyocell fibers (MLF), and modified lyocell fibers

after 5 washing cycles (MLFW) in nitrogen

Sample Tonset
a (�C) Tmax

a (�C) Rmax
a (%/�C) Tonset

b (�C) Tmax
b (�C) Rmax

b (%/�C) Residue at 700 �C (%)

CLF 60.5 82.9 0.7 318 340 2.1 16.48

MLF 62.7 73.6 0.3 251 273 1.2 38.89

MLFW 63.7 80.8 0.6 251 274 0.8 39.63

aThe first stage of decomposition
bThe second stage of decomposition
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Scheme 3, during pyrolysis process of treated sample,

PAA grafted onto lyocell fibers firstly decomposes and

releases a large amount of non-combustion gases such

as H2O, CO2, NH3, and etc. The non-combustion gases

are helpful for both diluting the concentration of the

combustible gases products including CH4, C2H6, and

C6H12, and absorbing heat energy. At the same time,
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Fig. 7 TG–FTIR curves of control lyocell fibers (a), modified

lyocell fibers (b), and modified lyocell fibers after 5 washing

cycles (c)
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PAA catalyzes cellulose to dehydrate and carbonize,

forming intumescent char player. The resultant special

swollen carbonaceous fibrous structure efficiently acts

as physical barrier for preventing heat and oxygen

from the matrix material. Therefore, the flame retar-

dant operates in both condensed phase and gaseous

phases during the burning process for modified lyocell

fibers, suggesting that the phosphorus and nitrogen

elements in PAA exhibits a synergistic effect.

Conclusions

A novel renewable and eco-friendly flame retardant

(phytic acid ammonia, PAA) containing phosphorus

and nitrogen elements was elaborately designed and

synthesized, on the basis of the reaction of phytic acid

and urea. PAA molecules have been successfully

grafted onto the surface or penetrated into the interiors

of lyocell fibers, as confirmed by SEM and XPS

analysis. The LOI value of PAA-finished lyocell fibers

increased up to 39.2% and still 29.7% after 30 washing

cycles. The TG analysis results show that the char

yield of treated lyocell fibers at 700 �C is 38.89 wt%,

obviously higher than that of control sample (16.48%).

The combined TG-MS and TG-IR results show that

the phosphorus and nitrogen elements in PAAA have a

remarkable synergistic effect, and PAA simultane-

ously operates in both condensed and gaseous phase

during the combusting of modified fibers. Further-

more, the results demonstrate that modified lyocell

fibers displays excellent durable fire resistant

performance. Therefore, PAA containing high con-

tents of phosphorus and nitrogen elements can be used

as a new kind of durable, halogen-free, formaldehyde-

free, and eco-friendly flame retardant system for

lyocell fibers. This novel flame retardant finishing

system is also believed to provide a novel strategy for

the development of durable and eco-friendly flame-

proofing cellulosic fibers.
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