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Abstract

The aim of this study was to investigate the effect of calcium hypophosphite (CaHP) and magnesium hypophosphite
(MgHP) on the thermal stability and fire retardant properties of cotton fabrics. The effects of water-soluble nanoparticles,
namely Na-montmorillonite and octaammonium polyhedral oligomeric silsesquioxane (OA-POSS), in the presence of
CaHP were also investigated. The characterizations of flame-retardant-treated cotton fabrics were performed using ther-
mogravimetric analysis, limiting oxygen index (LOI) and mass loss calorimeter studies. The residues remained after mass
loss calorimeter test were characterized by conducting attenuated total reflectance Fourier-transform infrared spectroscopy
and scanning electron microscopy with a wavelength-dispersive X-ray spectrometer. The results showed that the fire
performance of cotton fabric increased as the treated amount of both hypophosphite compounds increased. CaHP showed
better fire performance than MgHP. The fire retardant performance of CaHP was further improved when used with
nanoparticles. The highest LOI value of 24.2 and the lowest peak heat release rate (PHRR) of 43 &+ 3 kW m~~ were

achieved with the use of CaHP and OA-POSS at a ratio of 19:1.
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Introduction

Cotton, which is the most widely used natural textile fiber,
finds use in many applications in the form of woven,
knitted or nonwoven owing to its good comfort, perme-
ability and biodegradability properties. However, the
flammable character of cotton restricts its use in many
fields. Thus, nondurable, semi-durable or durable flame-
retardant finishing is applied depending upon the applica-
tion area [1, 2]. In recent years, different phosphorus-based
compounds with various oxidation states are widely used
for providing flame retardant property to cotton-based
textile materials due to their remarkable fire retardant
performance with environmentally friendly characters
[3-18].
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Different metal salts of hypophosphites, especially alu-
minum hypophosphite, are widely used as flame-retardant
additive in engineering plastics [19, 20]. Magnesium, cal-
cium and sodium hypophosphites, which are water-soluble
compounds, also find use in flame retardant applications
[20-22]. It is thought that they can be used as a nondurable
flame-retardant finishing agent for cotton fabric. In the
literature, the flame-retardant effect of sodium hypophos-
phite as a catalyst is investigated in cotton fabric [23-27].
As our best knowledge, this is the first study that investi-
gates the effect of calcium hypophosphite (CaHP) and
magnesium hypophosphite (MgHP) on the thermal stability
and flammability properties of cotton fabrics.

In the second part of the study, the more effective
hypophosphite compound (CaHP) is determined and its
performance is tried to be improved using nanoparticles,
namely Na-montmorillonite and octaammonium polyhe-
dral oligomeric silsesquioxane (OA-POSS). POSS and clay
nanoparticles are used as synergistic additives with various
phosphorus compounds [28, 29]. No study that investigates
the interaction among CaHP, Na-montmorillonite and OA-
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POSS nanoparticles in any polymeric material is found in
the literature. These aforementioned points are the novel
part of the current study. Thermal stability and flamma-
bility properties of the cotton fabrics are investigated by
thermogravimetric analysis (TGA), limiting oxygen index
(LOI) and mass loss calorimeter studies. The char residues
remained after mass loss calorimeter test are investigated
by conducting attenuated total reflectance Fourier-trans-
form infrared spectroscopy (ATR-FTIR) and scanning
electron microscopy with wavelength-dispersive X-ray
spectrometer (SEM-WDX).

Experimental
Materials

Scoured knitted 100% cotton fabric was obtained from
KARSU TEKSTIL (Kayseri, Turkey). Calcium
hypophosphite (Ca(H,PO,),) and magnesium hypophos-
phite (Mg(H,PO,),-6 H,O)) were purchased from Wuhan
Ruiji Chemical Co., Ltd. OA-POSS was purchased from
Hybrid Plastics. Na-montmorillonite was purchased from
Sigma-Aldrich.

Production of flame-retardant fabrics

CaHP and MgHP aqueous solutions of 5, 10 and 20 mass%
were prepared for flame retardant applications. Before the
flame-retardant treatment, cotton fabrics were dried at
60 °C for 24 h. Cotton fabrics were treated with the
aqueous solution of hypophosphites at 60 °C for 30 min
and padded through the laboratory padder (Termal, Tur-
key) to control wet pickup of 100% on the fabrics. The

Table 1 Amounts of applied materials and LOI values of samples

Sample Applied material/% LOI
C - 18.2
C/5 CaHP 5.7 19.0
C/10 CaHP 8.5 222
C/20 CaHP 15.3 234
C/5 MgHP 4.2 18.8
C/10 MgHP 73 19.8
C/20 MgHP 14.1 214
C/99 CaHP/1 clay 15.6 22.9
C/95 CaHP/5 clay 154 23.8
C/90 CaHP/10 clay 15.2 23.8
C/99 CaHP/1 POSS 14.9 222
C/95 CaHP/5 POSS 153 24.2
C/90 CaHP/10 POSS 15.5 23.8
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treated fabrics were dried at 90 °C for 8 min. For syner-
gistic effect studies, 20 mass% aqueous solutions of CaHP,
Na-montmorillonite or OA-POSS were prepared. The
solutions of OA-POSS/CaHP and Na-montmorillonite/
CaHP were prepared at the mass ratio of 1, 5 and 10%. The
applied fire-retardant additive on cotton fabrics was cal-
culated by mass difference before and after treatment. The
resulting fabrics contained different amounts of flame-re-
tardant additives due to their affinity difference. The
amounts of applied materials are given in Table 1. For
sample coding, the abbreviations C, CaHP, MgHP, POSS
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Fig. 1 TGA and DTGA curves of flame-retardant additives
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Fig. 2 Decomposition routes of CaHP and MgHP



Thermal stability and flame retardant properties of calcium and magnesium hypophosphite...

3417

and clay are used for cotton fabric, calcium hypophosphite,
magnesium hypophosphite, OA-POSS nanoparticle and
Na-montmorillonite, respectively. The sample coded as
C/20 CaHP represents the flame-retardant-finished cotton
fabric with 20 mass% CaHP-containing solution. The
sample coded as C/90CaHP/10 POSS refers to the cotton
fabric treated with 20 mass% solution containing CaHP
and OA-POSS nanoparticle at a ratio of 9:1.

Characterization methods

LOI values of the fabrics were measured using Fire Testing
Technology Limiting Oxygen Index Analyzer instrument,
according to the standard oxygen index test ASTM D2863.
TGA was performed on PerkinElmer Diamond TG/DTA at
a heating rate of 10 °C min~" up to 700 °C under nitrogen
flow of 50 mL min~'. The mass loss calorimeter test was
carried out following the procedures in ISO 13927 using
mass loss cone with thermopile attachment (Fire Testing
Technology, UK). Square specimens (10 x 10 cm?) were
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irradiated at a heat flux of 35 kW m™2, corresponding to a
mild fire scenario. The test was performed three times for
each sample. Residue remained after mass loss calorimeter
test was analyzed using SEM-WDX (FEI Quanta 400F)
and ATR-FTIR (Bruker Optics IFS 66/S series FTIR
spectrometer) at an optical resolution of 4 cm™' with 32
scans. All sample surfaces were coated with a thin layer of
gold with a sputter coater to provide the conductivity.

Results and discussion
Thermal gravimetric analysis

TGA analyses are carried out on flame retardants, pure and
flame-retardant-treated cotton fabrics under nitrogen
atmosphere. The TGA and DTGA curves of the flame-
retardant additives are shown in Fig. 1. The decomposition
routes of CaHP and MgHP are shown in Fig. 2. The CaHP
degrades mainly in two steps at 417 and 650 °C by leaving
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Fig. 3 TGA and DTGA curves of CaHP- and MgHP-treated fabric samples
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Fig. 4 TGA and DTGA curves of fabric samples produced for synergistic effect studies

87.4% inorganic residue. A shoulder is seen at 383 °C. In
the first step, CaHP decomposes into Ca,(HPO,), and PHj;.
In the second step, Ca,(HPO,4), decomposes into calcium
pyrophosphate and water [22]. MgHP degrades mainly in
three steps at 86, 393 and 607 °C. A shoulder is also seen at
375 °C. In the first step, crystal water removes from the
structure. In the second step, Mg(H,PO,), decomposes into
Mg,(HPO,), and PHj;. In the last step, Mgy(HPOy),
decomposes into magnesium pyrophosphate and water and
leaves 58% residue. Na-montmorillonite decomposes in
two steps at 94 and 638 °C and leaves 88% residue. The
first step results from the evaporation of absorbed water.
The second step stems from the dehydroxylation of the clay
[30, 31]. OA-POSS degrades in two steps by leaving 48%
residue. The first step stemming from the loss of alkyl
ammonium group occurs between 336 and 425 °C with the
maximum mass loss temperature at 412 °C. The second
step arising from the degradation of Si—O-Si cage structure
just starts after the first degradation step and finished at
about 600 °C [32].

@ Springer

TGA and DTGA curves of CaHP- and MgHP-treated
fabric samples are shown in Fig. 3. The TGA and DTGA
curves of fabric samples produced for synergistic effect
studies are shown in Fig. 4. The related data are given in
Table 2. All fabric samples have mass loss below 100 °C
due to the evaporation of the absorbed water. Pure cotton
fabric degrades mainly in a single step between 310 and
380 °C with maximum mass loss temperature at 367 °C by
leaving 10.2% carbon-based char residue. Cotton fabric
mainly degrades by two competitive pathways of depoly-
merization and dehydration. Depolymerization occurs via
the scission of acetal bonds between the glycosidic units,
and finally flammable compound, namely levoglucosan, is
formed via intramolecular rearrangement. Dehydration
reactions cause char formation via transglycosylation
reactions [33-36]. With the treatment of CaHP and MgHP,
the initial thermal stability (75¢) and the maximum
degradation temperature (T,.x) of cotton fabric are
reduced. The char yield of cotton fabric increases as the
applied amount of hypophosphite compound increases. It is
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Table 2 TGA data of samples

Sample Tsq/ Tnaxi/ Tmaxz/"Cb Residue/
oCa och %°
C 290 - 367 10.2
C/5 CaHP 288 - 336 20.6
C/10 CaHP 277 - 340 28.6
C/20 CaHP 276 - 344 34.9
C/5 MgHP 288 - 333 15.9
C/10 MgHP 286 - 324 26.1
C/20 MgHP 284 - 324 34.2
C/99 CaHP/1 clay 276 - 344 28.0
C/95 CaHP/5 clay 277 - 343 26.6
C/90 CaHP/10 clay 278 - 341 30.0
C/99 CaHP/1 POSS 270 283 339 28.5
C/95 CaHP/5 POSS 267 273 338 29.0
C/90 CaHP/10 POSS 262 265 338 30.4

“Temperature at 5% mass loss
"The maximum degradation rate temperature
“Char yield at 800 °C

thought that the thermal stability reduction and the char
yield increase arise from the presence of phosphinic acid
and hypophosphorous acid which are the decomposition
products of CaHP and MgHP [20, 36]. These acidic com-
pounds phosphorylate the primary hydroxyl group of cel-
lulose via esterification reaction which favors cellulose
decomposition toward dehydration [37]. Similar trend is
observed in the presence of phosphonic acid derivatives in
the literature [12]. Accordingly, the levoglucosan forma-
tion reduces and the char yield increases. The other reason
for char yield increase is the formation of calcium- and
magnesium-pyrophosphates-based inorganic residue in the
condensed phase.

When CaHP and clay are used together, no meaningful
change is observed in Tsq values. However, the shoulder
seen at about 380 °C becomes distinct when the applied
amount of clay reaches 10 mass% of CaHP. It is thought
that Bronsted and Lewis acid sites present on the clay
lattice make catalytic effect during the decomposition of
CaHP [28]. The char yields of clay-containing samples are
lower than that of pure CaHP-containing one. When CaHP
and OA-POSS are used together, the initial thermal sta-
bility is further reduced with respect to C/20 CaHP, owing
to the lower thermal stability of OA-POSS nanoparticle.
On contrary to other samples, OA-POSS-treated ones
degrade in two steps. The first step arises from the degra-
dation of OA-POSS. The second step arises from the
degradation of cotton fabric and CaHP. As in the case of
Na-montmorillonite, OA-POSS-containing samples have
lower char yield than that of C/20 CaHP-containing ones.

Mass loss calorimeter studies

Mass loss calorimeter investigations are performed on all
fabric samples for three times. The representative heat
release rate (HRR) curves are shown in Fig. 5, and the
related data are given in Table 3. The fire performances of
fabric samples are evaluated from the peak heat release rate
(pHRR) and total heat evolved (THE). The reductions in
these data normally indicate improved fire performance.

The neat cotton fabric is ignited in 9 s. With the flame-
retardant treatment regardless of the type, TTI value
increases. The decrease in levoglucosan formation is the
main reason for the increase in TTIL. The highest TTI value
is observed in C/20 MgHP sample. As stated in the TGA
section, MgHP liberates six moles of crystal water at about
90 °C. It is thought that the water vapor dilutes the com-
bustible gases in the gas phase before the ignition. Thus,
the TTI value increases.

The neat cotton fabric burns with pHRR and THE values
of 101 kW m~> and 1.28 MJ m >, It leaves 2.7% char
residue. pHRR and THE values reduce, and the char for-
mation increases steadily as the applied amount of
hypophosphite compounds increases. pHRR value reduces
at about 37 and 31% with 20 mass% CaHP and MgHP
treatments, respectively. THE value reduces at about 30
and 38% with 20 mass% CaHP and MgHP treatments,
respectively. The proposed flame-retardant actions of the
additives are shown in Fig. 6. As shown in Fig. 6,
hypophosphite compounds form phosphine gas and water
during the decomposition. Water and phosphine gas make a
diluting effect in the gas phase. PO, and PO radicals which
are the decomposition products of phosphine gas make
scavenger effect in the gas phase [20, 38]. The phosphine
gas also reacts with the oxygen and forms phosphoric acid.
The formed phosphoric acid either reacts with cellulose or
polymerizes to form polyphosphoric acid. The esterifica-
tion reaction between phosphoric acid and primary alcohol
group of cellulose (C6) favors the dehydration rather than
depolymerization. Accordingly, the levoglucosan forma-
tion reduces and the char formation increases. The for-
mation of cross-linked char structure via the esterification
reaction and the formation of calcium and magnesium
pyrophosphate compounds also cause char yield increase.
These aforementioned points are the possible reasons for
reduced pHRR and THE values. The characterization
methods performed on the char residues also support the
proposed mechanisms.

To examine the changes in the surface morphology of
cotton fabric after flame-retardant treatment, SEM analysis
is carried out. SEM photographs of selected char residues
are shown in Fig. 7. The neat cotton fabric has a longitu-
dinal fibrous structure with curled striations. With the
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Table 3 Mass loss calorimeter g, 0 TTUs PHRR/AW m™> THEMJ m—2 Residue/%
data of the samples
C 9 101 =7 1.28 £ 0.3 2.7
C/5 CaHP 12 92 +£6 1.14 £ 0.2 15.3
C/10 CaHP 14 83+ 6 1.04 £+ 0.1 21.1
C/20 CaHP 15 63 +4 0.89 + 0.1 24.7
C/5 MgHP 14 91 £5 1.19 £ 0.2 16.9
C/10 MgHP 16 83 £ 6 1.09 £ 0.2 23.1
C/20 MgHP 17 70 £ 3 0.79 + 0.1 25.4
C/99 CaHP/1 clay 15 72+ 4 0.90 + 0.1 24.8
C/95 CaHP/5 clay 13 57+£3 0.85 + 0.1 26.6
C/90 CaHP/10 clay 12 77 £ 4 0.88 + 0.1 27.2
C/99 CaHP/1 POSS 15 54+ 3 0.85 + 0.1 26.3
C/95 CaHP/5 POSS 15 43 £ 3 0.81 + 0.1 27.9
C/90 CaHP/10 POSS 13 67 + 4 0.87 + 0.1 28.6
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Fig. 6 Proposed flame-retardant actions of the additives

flame-retardant treatment, irregularly shaped particles are
seen on the fabric surface owing to the formation of
phosphate-based phosphorus compounds. ATR-FTIR
graphs of the selected char residues are shown in Fig. 8.
The char of cotton fabric has characteristics peaks seen at
2920 and 1420 cm ™" arising from stretching and bending
vibrations of C-H group. The broad peak seen at
1050 cm™' stems from the stretching vibration of C—-O—-C
group. The peak at 1710 cm ™" resulting from the stretching
vibrations of C=0 group shows the formation of ketones
and aldehydes via dehydration reaction. The peak at
1580 cm™! arises from the stretching vibrations of C=C

groups in the aromatic char structure [39]. With the treat-
ment of the hypophosphite compounds, the broad peak
seen at 1050 cm ™" is split due to the formation of various
phosphorus compounds. The peaks seen at 1100 and
880 cm™' arise from the symmetric and asymmetric
stretching vibrations of P-O-P band, suggesting the for-
mation of calcium and magnesium pyrophosphate com-
pounds. The peak seen at 1020 cm™' results from the
stretching vibration of P-O-C group in the phosphate—
carbon complexes formed from the esterification reaction
between phosphoric acid and cotton. The peak seen at
1280 cm™! stems from the stretching vibration of P=0O
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Fig. 7 SEM photographs of selected char residues

group in polyphosphoric acid and cross-linked cellulose
phosphate species. The peak seen at 550 cm ™" arises from
the Ca—O and Mg-O bond stretching [22, 40]. With the
treatment of Na-montmorillonite and OA-POSS, no addi-
tional peaks are seen. The Si—O-Si group has stretching
and bending vibrations at 1060 and 820 cm™~' which are
masked with the peaks of phosphorus compounds [31, 41].
In order to show the presence of Si atom onto the burning
surface, SEM-WDX analyses are performed. SEM-WDX
results are shown in Fig. 9 and Table 4. The results show
that the char of neat cotton fabric is mainly composed of
carbon and oxygen. With the treatment of hypophosphite
compounds, the content of phosphorus and oxygen of the
char increases and carbon content decreases. With the
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Fig. 8 ATR-FTIR graphs of the selected char residues

treatment of Na-montmorillonite and OA-POSS, Si atom is
seen in the char structure at about 1%.

When Na-montmorillonite and CaHP are used toge-
ther at the ratios of 1:99 and 10:90, pHRR increases and
THE values do not change. The reductions in pHRR and
THE values are observed at the ratio of 5:95. It is thought
that clay is not sufficient to form a continuous protective
layer at low concentration. At higher concentrations, the
flame retarding effect of clay cannot compensate for the
reduction in the amount of active flame retardant. At
optimum concentration, the platelike structure of the clay
makes a barrier effect on the burning surface and reduces
the heat mass transfer between condensed and gas
phases.

When OA-POSS and CaHP are used together, pHRR
and THE values reduce at the ratios of 1:99 and 5:95.
Further application of OA-POSS causes a slight increase
in pHRR owing to the reduction in the amount of active
flame retardant. The lowest pHRR and THE values are
observed when OA-POSS and CaHP are used together at a
ratio of 5:95. The pHRR reduces at about 57%, and THE
reduces at about 30% with respect to neat cotton fabric. It
is thought that OA-POSS has a dual effect on the fire
performance of CaHP. OA-POSS decomposes to form
ammonia which makes dilution effect in the gas phase and
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Fig. 9 SEM-WDX analysis of selected char residues

forms Si—O-Si-based netlike structure which acts as a
physical barrier between condensed and gas phases on the
burning surface.

Flammability properties

The flammability properties of cotton fabrics are analyzed
via LOI test. LOI is a reproducible and quantitative anal-
ysis to examine the flammability properties of the poly-
meric materials. The LOI values of the samples are given
in Table 1. The LOI value of a neat cotton sample is 18.2.
LOI value increases steadily as the applied amount of
hypophosphite compound increases. The higher LOI values
with CaHP treatments are observed with respect to MgHP-
treated ones. Higher affinity of CaHP causes the higher
applied amount of CaHP with respect to MgHP under the

Table 4 Chemical composition of char residues remained after mass
loss calorimeter test

Sample Chemical composition/%

C (6} P Ca Mg Na Si Al
C 757 217 05 09 05 07 - -
C/20 CaHP 9.0 431 214 236 - 29 - -
C/20 MgHP 358 347 152 - 57 86 - -
C/95 CaHP/5 clay 119 412 204 212 - 34 12 0.7
C/95 CaHP/5 259 389 154 127 - 56 15 -

POSS

same finishing conditions. Accordingly, CaHP shows more
fire retardant performance with respect to MgHP. When
Na-montmorillonite and CaHP are used together at the
ratios of 1:19 and 1:9, the highest LOI value of 23.8 is
achieved. When OA-POSS and CaHP are used together at a
ratio of 1:19, the highest LOI value of 24.2 is obtained. The
increase in LOI values and the reductions in pHRR and
THE values clearly show the adjuvant effect of nanopar-
ticles when used with CaHP.

Conclusions

In this study, the possibility of using two hypophosphite
compounds, CaHP and MgHP, as flame-retardant agents
for cotton fabrics is assessed. The flame retardant perfor-
mance of CaHP is tried to be improved using water-soluble
nanoparticles, namely Na-montmorillonite and OA-POSS.
According to TGA results, CaHP and MgHP treatments
cause the reduction in T5¢, and T,,,x values and cause an
increase in the char yield as the applied amount of
hypophosphite compounds increases. According to the
mass loss calorimeter results, TTI value of neat cotton
fabric increases with the flame-retardant treatment
regardless of the type. pHRR and THE values reduce, and
the char formation increases steadily as the applied amount
of hypophosphite compounds increases. When CaHP and
nanoparticles are used together, the fire performance of
CaHP is further improved with higher LOI and lower
pHRR and THE values. The adjuvant effect of nanoparti-
cles is observed at different concentrations depending upon
the type.
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