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a b s t r a c t

Bio-based phytic acid as a nontoxic naturally occurring compound has a promising prospect in the field
of the flame retardant modification of polymers because of its high phosphorus content. Bio-based and
bio-degradable poly(lactic acid) has aroused considerable interest and its use is growing, but its flame
retardancy needs to be improved when it is used as a flame retardant material. In this work, phytic acid
was used to improve the flame retardancy of poly(lactic acid) nonwoven fabric by a pad-dry-cure
technique, and the effect of phytic acid dosage on the flammability as well as the flame retardant
mechanism of the treated fabric was discussed. The limiting oxygen index and vertical burning tests
revealed that the treated fabric exhibited good flame retardancy. The microscale combustion calorimetry
analysis showed that the treated fabric had significantly decreased heat release rate, total heat release
and heat release capacity compared with the untreated fabric. The char residue formation of the treated
fabric during thermal degradation, and the high phosphorus content of the burned fabric residue sug-
gested that a significant condensed-phase mechanism contributed to the flame retardancy of the treated
fabric. The flame retardant system in the present study is applicable to the poly(lactic acid) fabrics
without the durability requirement. The use of phytic acid provides an opportunity for producing the
flame retardant poly(lactic acid) materials using a sustainable and cleaner flame retardant agent.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

As one of the biodegradable polymers, poly(lactic acid) (PLA)
has attracted more and more attention. PLA is environmentally
friendly because it can be wholly derived from renewable sources
such as sugar and corn starch (Auras et al., 2004; Hussain et al.,
2015). PLA can be used in the production of fibers, extruded films
and injection-molded products which have a wide range of appli-
cations in commodity plastics, packing materials, biomaterials and
textile fibers (Auras et al., 2004; Hussain et al., 2015). But the
flammability and dripping combustion of PLA have a great limita-
tion for its application and development in many important fields
(Fox et al., 2013; Wang et al., 2011). Parmar et al. tested various
flame retardant (FR) properties of PLA woven fabrics, and found
that PLA fiber was not suitable for upholstery, apparel, and work
wear due to its poor FR properties (Parmar et al., 2014). Up to
present, manyworks have been carried out on the flame retardancy
of PLA composites, but few studies have been done on the fire

retardancy of PLA fabric. The additive-type flame retardants such as
phosphorus-containing additives, silicon-containing additives and
inorganic additives have been applied to improve the flame
retardancy of PLA composites (Hapuarachchi and Peijs, 2010;
Mauldin et al., 2014; Qian et al., 2013; Wang et al., 2011).
Recently, the intumescent FR system is regarded as an efficient
method to improve the flame retardancy of PLA composites
(Bourbigot and Fontaine, 2010). Avinc et al. have employed a cyclic
phosphonate ester compound to improve the flame retardancy of
PLA knitted fabric (Avinc et al., 2012). In our work, the great
capability of a cyclic phosphonate ester for enhancing the flame
retardancy of PLA nonwoven fabric has been found (Cheng et al.,
2015).

Considering the cons of the existing flame retardants, the USA
and EU directives concerning the “chemistry” of flame retardants
are becoming increasingly rigid and severe, some of the currently
used products will be limited or even banned (Alongi et al., 2013;
Ravichandran et al., 2011). There is an immediate need for non-
toxic and effective flame retardants produced preferably through
sustainable routes or obtained from nature directly (Mauldin et al.,
2014).* Corresponding author. Tel.: þ86 512 6716 4993; fax: þ86 512 6724 6786.
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Phytic acid (PA) or inositol hexakisphosphate acid (Fig. 1) is
regarded as “green” molecule because it is the major storage form
of phosphorus in plant tissues such as beans, cereal grains and oil
seeds (Fox and Eberl, 2002; Zhou and Erdman, 1995). As a
biocompatible, environmentally friendly, nontoxic and easily ob-
tained organic acid, PA has been widely applied in antioxidant,
anticancer agent, biosensor, cation exchange resin, nanomaterial
and other fields because of its special inositol hexaphosphate
structure (Fox and Eberl, 2002; Wang et al., 2014; Zhou and
Erdman, 1995). PA contains 28 wt% phosphorus based upon mo-
lecular weight, and it has great potential application in the FR
modification of polymers. Recently, PA as a nontoxic naturally
occurring phosphorus-containing compound has provoked peo-
ple's interest in the FR finishing of textiles. Zhou et al. used PA as a
doping acid to greatly improve the flame retardancy of polyaniline-
deposited paper composite (Zhou et al., 2015). To reduce the
flammability of cotton fabric, Laufer et al. and Wang et al. used PA/
chitosan and PA/nitrogen-modified silane hybrid respectively via
layer-by-layer assembly to fabricate thin films on the fabric (Laufer
et al., 2012; Wang et al., 2015).

In the present study, PA was applied to improve the FR prop-
erties of PLA nonwoven fabric using a pad-dry-cure technique. The
combustion properties of the treated fabric were evaluated via
limiting oxygen index (LOI) test, vertical burning test, and micro-
scale combustion calorimetry (MCC). The stability and char for-
mation ability of the treated fabric during thermal degradation
were determined using thermogravimetric (TG) analysis. The sur-
face morphologies of the treated fabrics and the burned fabric
residues were observed via scanning electron microscopy (SEM). In
addition, the phosphorus content of PLA surface before and after
burning was evaluated by energy dispersive spectrum (EDS) anal-
ysis. Finally, the FR mechanism of the PA treated fabric was
suggested.

2. Experimental

2.1. Materials

The PLA nonwoven fabric with a weight of 80 g/m2 manufac-
tured by melt-blown spinning technology was obtained from
Shenzhen Shengdefu Fiber Products Co. Ltd., China. Phytic acid (PA)
(70% aqueous solution) of analytical reagent gradewas bought from
Chengdu Ai Keda Chemical Technology Co. Ltd., China.

2.2. Fabric treatment

The PLA non-woven fabric was first immersed in the PA solution
for 10 min, and then passed through a two-roll laboratory padder
(Shanghai HuangJu Industry Co. Ltd., China) with the wet pick-up
being approximately 120%. The padded fabric was dried in a

mini-dryer (Shanghai HuangJu Industry Co. Ltd., China) at 80 �C for
5 min and then cured at 125 �C for 3 min. In this study, PLA-0, PLA-
100 and PLA-250 represent the fabrics treated with 0, 100 and
250 g/L PA, respectively.

2.3. Measurements

2.3.1. Determination of weight gain
The fabrics before and after treatment were dried in the oven at

60 �C for 30 min, and then weighed quickly. The weight gain of the
treated fabric was calculated using the following formula:

Weight gain ð%Þ ¼ 100� ðW1 �W0Þ=W0

whereW0 andW1 represent the weight of the dry fabric before and
after treatment, respectively.

2.3.2. LOI test
The LOI value of the fabric was measured according to ASTM

Standard Method D2863 using the FTT0080 oxygen index appa-
ratus (Fire Testing Technology Ltd., UK).

2.3.3. Vertical burning test
The vertical burning test was performed on the YG815B auto-

matic vertical flammability cabinet (Ningbo Textile Instrument
Factory, China) according to ASTM Standard Method D6413.

2.3.4. MCC test
The MCC test was carried out on the FTT0001 microscale com-

bustion calorimetry (Fire Testing Technology Ltd., UK) according to
ASTM Standard Method D7309. About 5 mg specimen was ther-
mally decomposed in an oxygenated environment at a constant
heating rate of 1 �C/s.

2.3.5. TG analysis
The Diamond TG/DTA SII thermal analyzer (PerkineElmer, USA)

was used to record the TG curve in the temperature range of
30e600 �C at a heating rate of 10 �C/min with a continuous ni-
trogen flow rate of 20 mL/min. The sample weight for each mea-
surement was 4e5 mg or so.

2.3.6. SEM observation
The PLA fabrics as well as the chars obtained in the LOI test

experiments were first sputter-coated with a gold layer whose
thickness was 10 nm or so, and then their surface morphologies
were observed by the TM3030 tabletop scanning electron

Fig. 1. Chemical structure of phytic acid.
Fig. 2. Weight gain and LOI values of the PLA fabrics treated with PA solutions of
various concentrations.
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