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Abstract Alginate fiber, a kind of bio-based fiber, is a type
of inherently flame retardant material. Can the addition of
alginate fiber to cotton fiber improve flame retardancy of
prepared cotton/alginate fabric? To solve this question, in the
present work, flammability and thermal degradation prop-
erties of the cotton and cotton/alginate fabrics were studied
by thermogravimetric analysis (TG), microscale combustion
calorimetry (MCC), cone calorimeter (cone) and thermo-
gravimetric analysis coupled with Fourier transform infrared
analysis. Compared to cotton fabric, TG results showed that
the addition of alginate fiber decreased initial degradation
temperature (7j,i) and maximum-rate degradation tem-
peratures (T,,,x) of cotton/alginate fabric; however, the
addition of alginate fiber improved the char residual amount
at higher temperature. MCC and cone results indicated that
the addition of alginate fiber reduced the peak heat release
rate value and total heat release, showing improvement on
flame retardant properties of cotton/alginate fabric. The
release amounts of inflammable gases, such as H,O, for
cotton/alginate fabric, were almost the same as cotton fabric
in the thermal degradation process; however, compared to
cotton fabric, the release amounts of flammable gases, such
as compounds containing —C—H groups, alcohol, compounds

> Yun Liu
liuyun0215@126.com

< De-Yi wang
deyi.wang @imdea.org

College of Chemistry and Chemical Engineering, Hubei
Biomass Fibers and Eco-dyeing and Finishing Key
Laboratory, Wuhan Textile University, Fangzhi Road, 1,
Wuhan 430073, China

2 IMDEA Materials Institute, C/Eric Kandel, 2,
28906 Getafe, Madrid, Spain

containing carbonyl groups and ethers, were reduced. On the
basis of the results mentioned above, the flame retardant
properties of cotton/alginate fabric were enhanced. The
results obtained in the present study can supply a flame
retardant method by the addition of inherently bio-based
flame retardant alginate fiber to flame-retard cotton fabric
and enlarge the applied fields of alginate fiber.

Keywords Cotton/alginate fabric - Thermal properties -
Flame retardancy - Cone - TG-FTIR

Introduction

Due to its biodegradability, comfortableness, biocompati-
bility, breathability, capability to absorb moisture, renewa-
bility and environmentally friendly properties, cotton fabric
has been extensively utilized in both civilian and military
fields, such as clothing, firefighter apparel, house furnishing,
house decorations and military garments [1-3]. Because of
its comfortableness, hydrophilicity, softness and air perme-
ability, cotton fabric is an important bio-based textile over
the world [4-6]. However, cotton fabric is easy to be ignited
and its flammability is rapid, which seriously limited the
application of cotton fabric [7-9]. In the recent decades, one
of the main reasons for residential home fires is the ignition
and combustion of house decorations and furnishing [10].
Thus, increasing types of flame retardants have been
explored to improve the flame retardant properties of cotton
fabric, such as phosphorus- [11, 12], nitrogen- [13, 14] and
silicon-containing [10, 15, 16] flame retardants.

In the past decade, increasing researchers have been
focusing on alginate. It is a type of polysaccharides obtained
from algae [17, 18], such as laminaria japonica, laminaria
hyperborean, ascophyllum nodosum, laminaria digitata and
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macrocystis pyrifera [19], and is a linear bio-based polymer
which is constituted by a-1, 4-L-guluronate (G) and B-1, 4-D-
mannuronate (M) repeating monomeric units. Because of its
biodegradability, biocompatibility, and film-forming proper-
ties and abundance, alginate has been explored in textile
industry, food industry, drug formulations and wound dress-
ings [20, 21]. Sodium alginate, a type of salt alginate, is sol-
uble in water [22] and is a desirable candidate for aqueous
processing [23]. On the basis of its gelation properties of
alginate, which results from the interaction among carboxy-
late groups, hydroxyl groups and metal ions in aqueous
solutions [24, 25], alginate fibers and films have been prepared
[20, 21, 23, 26-30], such as calcium alginate fibers, copper
alginate films and so on. The obtained alginate fibers and films
are the inherently flame retardant bio-based materials. The
effects of Ca>*, Ba®", Zn*", Mn®", Ni**, Cu*", Co* ", Mg ™,
Fe** and AI’" on flame retardancy, thermal degradation
properties and pyrolysis properties of alginate were studied by
Zhu [26-30] and Xia [20-22]. The results showed that metal
ions enhanced flame retardancy of alginate and reduced the
release of gaseous compounds in pyrolysis process. And the
addition of metal ions had changed pyrolysis process of
alginate, releasing fewer kinds of gaseous compounds.

As a kind of inherently bio-based flame retardant fiber,
can alginate fiber be exploited to flame-retard cotton fab-
ric? In order to solve this question, cotton/alginate fabric
was prepared and supplied by Qingdao Huajin Co. Ltd.
(Qingdao, China), and the content of alginate fiber in cot-
ton/alginate fabric was kept as 5 mass%. In the present
work, the flammability and thermal degradation properties
of the cotton and cotton/alginate fabrics were investigated
by thermogravimetric analysis (TG), microscale combus-
tion calorimetry (MCC), cone calorimeter (cone) and
thermogravimetric analysis coupled with Fourier transform
infrared analysis (TG-FTIR).

Experimental

Materials

Cotton and cotton/alginate fabrics were kindly supplied by
Qingdao Huajin Co. Ltd. (Qingdao, China). The content of
alginate fiber in cotton/alginate fabric was 5 mass%.
Measurements

Micro-scale combustion calorimeter

On the basis of ASTM D7309 standard, flammability
behaviors of cotton and cotton/alginate fabrics were

investigated by a micro-scale combustion calorimeter
(MCC) (Fire Testing Technology, UK). 5 £ 0.05 mg of
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the sample was heated from room temperature to 700 °C
under nitrogen atmosphere with a flowing rate of
80 cm’® minfl, and the heating rate was set to be 1 °C s
Before getting into a 900 °C combustion furnace, the
volatile and anaerobic compounds produced in the thermal
degradation process of the sample were mixed in a stream,
and the stream flowing rate was set to be 20 cm’® min_l,
including 80 % nitrogen and 20 % oxygen. Each sample

was done in three times.
Cone calorimeter test

On the basis of the procedures in ISO 5660-1, burning behaviors
of cotton and cotton/alginate fabrics were studied with a cone
calorimeter (Fire Testing Technology, UK). Specimens, whose
sheet dimensions were 100 mm x 100 mm x 1.7 mm, were
putinto an aluminum foil and irradiated horizontally with a heat
flux of 25 kW m™2. And every sample was run in three times.

Thermogravimetric analysis

A thermogravimetric analyzer (Q50, TA Instruments Co.,
USA) was utilized to explore thermal stability properties of
cotton and cotton/alginate fabrics. 10 £ 0.2 mg of the sample
was charged and heated from 30to 700 °C in N, atmosphere at
aheating rate of 10 °C min™ 1, and the N, flowing rate was set
to be 90 cm® min~". Each sample was run in two times. The
temperature reproducibility of the instrument was within
+1 °C, and the mass reproducibility was within £0.1 %.

TG-FTIR

Thermogravimetric analysis, which was coupled with a
Fourier transform infrared spectrometry spectrophotometer
(iS50, Nicolet Instruments Co., USA) (TG-FTIR), was
carried out through a thermogravimetric analyzer (Q50, TA
Instruments Co., USA). TG and FTIR were connected
through a stainless steel pipe. The pipe and gas cell were
set to be 300 and 250 °C, respectively, to minimize sec-
ondary chemical reactions and the condensation of volatile
products. 10 = 0.2 mg of the sample was charged and
heated from 30 to 700 °C at a heating rate of 10 °C min~'

with a nitrogen flowing rate of 90 cm® min~".

Results and discussion

Thermal stability properties of cotton
and cotton/alginate fabrics

In order to investigate the effect of alginate fiber on the
thermal stability properties of cotton/alginate fabric, ther-
mogravimetric analysis (TG) was utilized. TG and
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derivative thermogravimetric analysis (DTG) curves of
cotton fabric, cotton/alginate fabric and alginate fiber are
shown in Fig. 1. The data acquired from these curves, such
as the initial degradation temperatures (TipiaS) at which
95 % mass retained, the maximum-rate degradation tem-
peratures (7y,.xS), the thermal degradation rate at Ty«
(Rmax) and the char residual amount at 500, 600 and
700 °C, respectively, are depicted in Table 1. Tiyiia Of
alginate fiber was 190 °C, and its Tp,.x was 196 °C. The
main mass loss stage of alginate fiber was from 190 to
350 °C, which was attributed to the dehydration and
depolymerization of alginate. It can be seen from Fig. 1
and Table 1 that the char residual amount of alginate fiber
was much higher; the char residual amounts at 500, 600
and 700 °C were 51.0, 49.2 and 44.2 %, respectively. From
Fig. 1 and Table 1, it is noted that Tj,;, of cotton fabric
was about 292 °C. And its Ty, took place at 374 °C with a
thermal degradation rate of 2.0 % °C~'. From Fig. la, it
can be observed that the main mass loss stage of cotton
fabric was from 270 to 420 °C, which was attributed to the
dehydration and depolymerization of cellulose [31],
forming the volatiles and aliphatic char. The thermal
degradation rate decreased when temperature further
increased. This step included the further thermal degrada-
tion of char residues, releasing CO, and/or CO. As a result,
the char residual amounts of cotton fabric at 500, 600 and
700 °C were 12.2, 10.7 and 9.7 %, respectively. As can be
observed from Fig. 1 and Table 1, the addition of alginate
fiber reduced Tinjia and T« of cotton/alginate fabric to
240 and 348 °C, respectively. This result indicated that the
addition of alginate fiber decreased the thermal stability
properties of cotton fabric, and the reason for this phe-
nomenon was that the thermal stability properties of algi-
nate fiber were worse than those of cotton fiber [26-30]. Or
calcium ion, which was from alginate fiber, might result in
this phenomenon. Calcium ion might catalyze some
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chemical reaction happened in the thermal degradation
process of cotton/alginate fabric, showing the reduction of
Tiniiai- However, the addition of alginate fiber increased the
char residual amount at higher temperature zone and
decreased the thermal degradation rate at T,,,x of cotton/
alginate fabric. And the char residual amounts of cotton/
alginate fabric at 500, 600 and 700 °C were 20.0, 18.1 and
16.9 %, respectively, and the thermal degradation rate at
Tmax Was reduced to 1.2 % °C~ L.

As mentioned above, the addition of alginate fiber to
cotton fiber to prepare cotton/alginate fabric reduced
thermal stability properties at lower temperature zone,
while increased the char residual amount at higher tem-
perature zone. This result indicated that calcium ion, from
alginate fiber, might catalyze some chemical reactions in
the thermal degradation process of polysaccharide to form
more amounts of char residues.

Flame retardancy and flammability of cotton
and cotton/alginate fabrics

Flame retardancy versus micro-scale combustion
calorimeter test

In order to explore flame retardancy of cotton and cotton/
alginate fabrics, micro-scale combustion calorimetry
(MCC) was utilized. Heat release rate (HRR) curves of
cotton and cotton/alginate fabrics as a function of tem-
perature are presented in Fig. 2. And the acquired data,
such as peak heat release rate (PHRR), the temperature
(Tpurr) at which PHRR took place, total heat release
(THR), heat release capacity (HRC) and residue are
depicted in Table 2. Compared to cotton fabric, there
existed a significant decrease in PHRR, Tpyrgr, HRC and
THR for cotton/alginate fabric, and there was a serious
increase in char residual amount. PHRR value of cotton/
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Fig. 1 TG (a) and DTG (b) curves of cotton fabric, cotton/alginate fabric and alginate fiber in N,
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Table 1 Thermogravimetric data of cotton and cotton/alginate fabrics in N,
Sample Tinitia/°C Tinax/°C The rate at Ty, /% °C~ ! The residues/%

500 °C 600 °C 700 °C
Cotton fabric 292 374 2.0 12.2 10.7 9.7
Cotton/alginate fabric 240 348 1.2 20.0 18.1 16.9
Alginate fiber 190 196 0.5 51.0 492 442

alginate fabric decreased from 295 to 145 W g~', which
was relative to about 51 % reduction. Compared to cotton
fabric, Tpyrg of cotton/alginate fabric reduced from 376 to
341 °C, which was accordant with TG result, and this
result also indicated the catalyzed effect of calcium ion
introduced by alginate fiber on decreasing thermal stability
of cotton fabric. HRC value of cotton/alginate fabric was
136 J k™' g7, relating to an approximately 52 % reduc-
tion. THR value of cotton/alginate fabric also decreased
from 11.9 to 8.6 kJ g_l, amount to about 28 % reduction.
However, the addition of alginate fiber improved the char
residual amount after burning, from 6.9 to 15.8 %. The
improved char residue showed that more cotton fabric
participated in the carbonization process because of the
catalyzed effect of calcium ion introduced by alginate fiber.
Thus, less flammable gases were produced to the gaseous
phase to maintain burning; as a result, PHRR, THR and
HRC values were obviously reduced.

Flammability versus Cone test
In order to explore the effect of alginate fiber on the
flammability of cotton/alginate fabric, a cone calorimeter

instrument was utilized. The data acquired from cone
calorimeter test, such as average heat release rate (Av-

300 ~

—a— Cotton
—@— Cotton/alginate

250

Heat release rate/W g~

O T T T T T T T

100 200 300 400 500
Temperature/°C

600 700

Fig. 2 HRR curves of cotton and cotton/alginate fabrics as a function
of temperatures
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HRR), peak HRR (PHRR), time to PHRR (7pygrgr), fire
growth rate index (FIGRA), peak smoke production rate
(PSPR), total smoke production (TSP), time to ignition
(TTI) and total heat release (THR), were also depicted in
Table 3.

HRR curves of cotton and cotton/alginate fabrics are
presented in Fig. 3a. Cotton fabric burned quickly after
ignition and a sharp peak took place with a PHRR value of
174 kW m™~2. Then, HRR values reduced gradually to a
flat until the flame extinguished. Likewise, cotton/alginate
fabric also burned quickly after ignition and a sharp peak
took place with a PHRR value of 132 kW m ™2, while the
HRR values decreased and then increased to the biggest
PHRR value of 142 kW m~2 At last, HRR values
decreased to a flat. Further, compared to cotton fabric,
there was an obvious shift to an earlier time in TTI of
cotton/alginate fabric. TTI value of cotton/alginate fabric
was 22 s, while TTI value of cotton fabric was 43 s, which
was much longer than that of cotton/alginate fabric. This
phenomenon might be attributed to the addition of alginate
fiber. According to the previous papers [26—30], Tyaxs of
alginate fibers and films were lower than 300 °C, and the
addition of metal ions further decreased T, of alginate.
What is more, the addition of metal ions might catalyze
some chemical reactions in the thermal degradation process
of alginate and cotton. As a result, TTI value of cotton/
alginate fabric was lower than that of cotton fabric. And
cotton/alginate fabric released heat when it started burning,
resulting in the formation of char layer. The formed char
prevented the cotton/alginate fabric from both heat and
mass transfer, resulting in the first reduction in heat release
rate. However, the char layer cannot protect the matrix for
a longer time, and this might result from the fragile and
cracked char layer. As a result, the heat release rate
increased again.

FIGRA value of cotton fabric was 3.16 kW m > s
while that of cotton/alginate fabric was 1.89 kW m~? sh
and FIGRA was defined as PHRR divided by TPHRR.
Compared to that of cotton fabric, there was 40 % reduc-
tion for FIGRA value of cotton/alginate fabric. The
reduction in FIGRA of cotton/alginate fabric indicated the
suppression in a fire spread, decreasing the occurrence
possibility of a fire.
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Table 2 Data acquired from the MCC parameters of cotton and cotton/alginate fabrics

Sample PHRR/W g~ Tpurr/°C HRC/T g~ ' k™! THR/KJ g~ Residues/%
(% reduction) (% reduction) (% reduction) (% increase)
Cotton fabric 295 (-) 376 286 (-) 11.9 () 6.9 (-)
Cotton/alginate fabric 145 (51) 341 136 (52) 8.6 (28) 15.8 (129)
Table 3 Data obtained from cone test
Sample PHRR/KW m 2  Tpugrr/s Av-HRR/  TTIs FIGRA/KW m™>s™' PSPR/  TSP/m* THR/MJm ?
(% reduction) kKW m~2 (% reduction] m? s~ (% reduction)
Cotton fabric 174 (-) 55 78 43 3.16 (-) 0.0014 0.13 13.2 (-)
Cotton/alginate fabric 142 (18) 75 75 22 1.89 (40) 0.0015 0.09 11.5 (13)
Trurr stands for time to PHRR
() 150, (b)
—a— cotton 14 4| —m— cotton
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Fig. 3 HRR (a) and THR (b) curves of cotton and cotton/alginate fabrics as a function of time

Total heat release (THR) curves of cotton and cotton/
alginate fabrics are showed in Fig. 3b. At the end of
burning, THR values for cotton and cotton/alginate fabrics
were 13.2 and 11.5 kJ m ™, respectively. There was 13 %
reduction in THR for cotton/alginate (Fig. 3b; Table 3).
This suggested that the addition of alginate fiber improve
the flame retardancy of cotton fabric.

The main cause of death during fire was total smoke
production (TSP) and smoke production rate (SPR) [32].
As a result, the exploration of TSP and SPR for cotton and
cotton/alginate fabrics might be beneficial in indicating the
possible hazard in well-ventilated conditions [33]. TSP and
SPR curves of cotton and cotton/alginate fabric are showed
in Fig. 4a, b, respectively. At the end of combustion,
compared to cotton fabric, TSP of cotton/alginate fabric
was lower than that of cotton fabric, and there was 31 %
reduction in TSP. This showed that the addition of alginate
fiber caused the complete flammability of cotton fabric,

releasing lower amount of smoke. From Fig. 4b and
Table 3, it was noted that SPR values of cotton/alginate
fabric were a little lower than that of cotton fabric through
the flammability process, and peaks of SPR values of
cotton and cotton/alginate fabrics were almost the same.

Combined the analysis of MCC and cone tests, it can be
made a conclusion that the addition of alginate fiber
improved the flame retardant properties of cotton fabric,
and alginate fiber can be utilized as a kind of flame retar-
dant to flame-retard cotton fabric.

The addition of alginate fiber might reduce the release of
combustible gases; as a result, less combustible gaseous
compounds were produced to the gas phase to support
burning; thus, THR and PHRR values were significantly
decreased. To prove it, the gaseous ingredients of cotton
and cotton/alginate fabrics were explored by TG-FTIR test.
3D FTIR images of cotton and cotton/alginate fabrics are
presented in Fig. Sa, b. From Fig. 5a, b, it was observed
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Fig. 5 3D images of the gaseous products during thermal degradation process of cotton and cotton/alginate fabrics

that the addition of alginate fiber did not obviously change
the absorption position of FTIR bands, indicating the
similar thermal degradation products of cotton and cotton/
alginate fabric. However, the temperature ranges of ther-
mal degradation for cotton and cotton/alginate fabrics were
different, indicating that the addition of alginate fiber
changed the thermal degradation process of cotton. The
peaks from 3500 to 3630 cm™' were assigned to the
stretching vibration of gaseous H,O and all the other kinds
of —OH groups; peaks from 2788 to 2864 cm™' and from
2956 to 3000 cm™' were attributed to stretching vibration
of the aliphatic C-H bonds from all type of alkanes; the
peaks at 2340 and 2394 cm ™' were due to the stretching
vibration of CO,; the peak at 1746 cm™' was ascribed to
the stretching vibration of C=0O groups from various
aldehydes, ketones and esters; the peak at 1180 cm~! was
attributed to the absorbance of C—O-C groups from ethers;
the peak at 1080 cm™' was ascribed to the stretching
vibration of —-C—OH groups.

To further study the effect of alginate fiber on the flame
retardant mechanism of cotton fabric, several FTIR spectra

@ Springer

of selected groups versus temperature are depicted in Fig. 6,
which included gaseous H,O, C-H groups, CO,, C=0
groups, C—O-C groups and —C—O-H groups. The specific
wavenumbers of the selected spectra peaks were depicted as
follows: H,O, 3570 cm™'; —C-H, 2974 cm™'; CO,,
2360 cm™'; C=0, 1746 cm™'; C-O-C, 1180 cm ™' and -C~
O-H, 1080 cm~!. From Fig. 6, it was observed that the
thermal degradation gaseous compounds for cotton and
cotton/alginate fabrics were mainly divided into two types:
one was the inflammable gases, H,O and CO,; other was the
flammable gases, such as ethers, alcohol, compounds con-
taining C—H groups and compounds containing carbonyl
groups. On the basis of Lambert—Beer law, the concentration
of a specific gaseous compound was linearly dependent on
the absorbance intensity of the accordant wavenumber [34].
As can be observed from Fig. 6, the absorbance intensities of
H,0, C=0, -C-0-C—, —-C-0-H and —C-H groups obtained
from the thermal degradation process of cotton/alginate
fabric were lower than those of cotton fabric. What is more,
the absorbance intensities of -C—O-C- and —C—H groups
were much lower than those of cotton fabric. However, the
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Fig. 6 Absorbance intensity of selected peaks for thermal degradation products of cotton and cotton/alginate fabrics

absorbance intensities of CO, obtained from cotton/alginate
fabric were higher than that of cotton fabric from 60 to
370 °C, which diluted the concentration of the combustible
gaseous compounds. The phenomena mentioned above
indicated that the addition of alginate fiber reduced the
release of H,0, alcohol and compounds containing carbonyl
groups, and seriously decreased the production of com-
pounds containing —C—H groups and ethers. And the addition
of alginate fiber increased the release of CO, from 60 to
370 °C. The reduced release amount of the flammable gases,

compounds containing —C—H groups, alcohol, compounds
containing carbonyl groups and ethers, resulted in less
“fuel” to support the flame, performing the decrease in HRR
and THR observed from cone test.

In cotton/alginate fabric system, there existed calcium
ions, which might catalyze some chemical reaction hap-
pening in the thermal degradation process of cotton/algi-
nate fabric to produce less flammable gaseous compounds.
As a result, this improved the flame retardant properties of
cotton fabric.
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Conclusions

Alginate fiber can be utilized as a bio-based flame retardant
to flame-retard cotton fabric. The addition of alginate fiber
improved the flame retardant properties of cotton/alginate
fabric. Compared to cotton fabric, TG results demonstrated
that the addition of alginate fiber decreased Ty and Ty ax Of
cotton/alginate fabric; however, it improved the char residue
amount at higher temperature. MCC and cone results showed
that the addition of alginate fiber reduced PHRR and THR,
indicating the improvement of flame retardant properties for
cotton/alginate fabric. The release amounts of inflammable
gases, such as CO,, for cotton/alginate fabric were more than
that of cotton fabric in the thermal degradation process;
however, compared to cotton fabric, the release amounts of
flammable gases, such as compounds containing —C-H
groups, alcohol, compounds containing carbonyl groups and
ethers, were reduced. All of these mentioned above enhanced
the flame retardant properties of cotton/alginate fabric. The
results obtained in the present study can supply a flame
retardant method through the addition of inherently bio-
based flame retardant fiber to flame-retard cotton fabric, and
enlarge the applied field of alginate fiber.
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