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mal barrier coat of a Na–tannic
acid complex from the view of thermal kinetics†

Sunghyun Nam, *a Michael W. Easson, a Brian D. Condon,a Matthew B. Hillyer,a

Luyi Sun, b Zhiyu Xiac and Ramaswamy Nagarajanc

The poor burning resistance of cotton necessitates the control of its pyrolytic reactions, but many

approaches have relied on the use of synthetically engineered chemicals. Herein, we show how a natural

polyphenol from plants—tannic acid—acts with sodium ions to create a robust thermal barrier coat on

cotton, with a focus on thermal kinetics. The kinetic information, combined with thermal and spectral

analyses, revealed that the outer layer of galloyl units in tannic acid decomposes via a two-step reaction,

producing a multicellular char of crosslinked aromatic rings, followed by the blowing of carbonaceous

cells into a further expanded structure. This intumescent function of tannic acid was found to be

enhanced upon its complexation with sodium ions, which greatly increased the activation energy for the

first step of the reaction of tannic acid, to promote the formation of a stable char. The resulting blown

char coated the cotton fiber below the thermal decomposition temperature of cellulose and was

sustained throughout the decomposition. The enhanced thermal barrier performance of the Na–tannic

acid complex was demonstrated by the reduced heat release capacity of cotton, the value of which was

only about one-third that of tannic acid itself, and the inhibition of flame generation on cotton.
1. Introduction

The ease with which cotton—which is used in the majority of
textiles—burns has always been considered a hazard.1 To
prevent the danger posed by ammable textiles, governments
have promulgated safety regulations for carpets, mattresses,
children's sleepwear, and upholstery textiles. For example,
mattresses sold in the U.S. must meet Federal Flammability
Standards 16 CFR 1632 and 1633, as regulated by the U.S.
Consumer Product Safety Commission. As a consequence, the
use of ame-retardant fabrics continues to grow, and the global
market for such fabrics is forecasted to be worth USD 6 billion
by 2024.2 High-performing ame retardants do save lives and
minimize property damage; however, their negative environ-
mental and health impacts have been repeatedly reported.
Many commercial ame retardants involve toxic chemical
procedures and leach out into the air, surface water, and skin
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and are linked to asthma and cancer.3–6 Since the persistence,
bioaccumulation, and toxic nature of halogenated ame retar-
dants have been recognized, the development focus for cotton-
based materials has been on phosphorus-containing products,
such as hydroxymethylphosphonium salts and N-methylol
phosphonopropionamide derivatives.7 These phosphorus
compounds, however, are not free from toxicity, as indicated,
e.g., by the release of formaldehyde during their usage.8

Concerns over toxicity and the environmental impact associ-
ated with conventional synthetic ame retardants have generated
demand for natural, inherently heat-resistant materials. Tannic
acid, which is a natural polyphenol extracted from various plants,
is one such molecule. Its structure is composed of a central
glucose molecule esteried at all ve hydroxyl moieties with two
gallic acidmolecules, thus forming a double layer of galloyl units.
Tannic acid is water-soluble and possesses antioxidant,9,10 anti-
bacterial,10–12 and anticarcinogenic properties,13,14 and thus it is
used in a wide range of food and biomedical applications. The
loading of tannic acid on silica improved antibacterial perfor-
mance and hemorrhage control for wound healing applica-
tions.11 The oxidative coupling of tannic acid played an important
role in extending the antibacterial and antioxidant activities of
active networks for packaging.10 As a natural phenolic cross-
linker, molecular glue, and antimicrobial agent, tannic acid has
also been employed in the fabrication of tissue adhesives.12 The
thermal stability of condensed tannins has been recognized
when utilizing them in the fabrication of rigid foams.15 They
exhibited good thermal insulating performance for use in
This journal is © The Royal Society of Chemistry 2019
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interior and exterior wooden doors and wall panels.16,17 From an
application standpoint, the thermal degradation process of
tannic acid was examined using a series of thermal and analytical
techniques.18 According to the proposed degradation mecha-
nism, the outer galloyl units in tannic acid decomposed at 230–
400 �C, producing volatile 1,2,3-benzenetriol and carbon dioxide,
and subsequently the inner galloyl units decomposed at 400–
750 �C, forming crosslinked aromatic structures. It was also
proposed that the condensation of crosslinked aromatic rings at
temperatures above 700 �C was responsible for the production of
intumescent char. The thermal barrier function of tannic acid
has been tested in two types of textile material. The treatment of
tannic acid onto cotton fabrics signicantly reduced the
consumption of cotton and preserved the ber morphology
during pyrolysis.19 For nylon, which melts during burning, the
coating of tannic acid in a crosslinked form (tannic acid tere-
phthalate) impeded ame propagation along the fabric.20 The
intumescent char embedded into themolten bers prevented the
inamed melts from dripping.

Despite several studies suggesting the potential of tannic acid
as a new bio-based ame retardant, the mechanism of its intu-
mescence has not yet been established. For example, the
temperature (>700 �C) reported for the formation of the intu-
mescent char is too high to protect cotton from thermal damage,
which occurs mainly at 300–400 �C. In this study, we investigated
how tannic acid develops intumescence during its thermal
decomposition and showed a simple, easy way to improve its
performance. The type of char is closely linked to decomposition
rates, chemical transformations, and the generation of gaseous
and solid products.21 Here, we devoted special attention to the
kinetics of thermal reactions, in particular the activation energy
(Ea), through dynamic thermogravimetric analysis. Based on
a three-dimensional diffusion mechanism for the thermal
decomposition of condensed phase ame-retardants, Ea is eval-
uated for volatile evolution, i.e., the higher the value of Ea, the
slower the volatile evolution, thus reecting the formation of
thermally stable char.22,23Calculating the Ea values corresponding
to individual thermal reactions of tannic acid, along with moni-
toring the morphology and chemical structure of the char,
provided insight into the chemistry of its pyrolysis that created
char expansion. The enhanced heat and ame protection from
tannic acid upon complexing with sodium ions was demon-
strated via the conducting of open ammability tests.
2. Experimental
2.1. Materials

American upland raw cotton ber was acquired from the national
registry. Tannic acid (C76H52O46), Triton X-100, and acetic acid
(glacial, $99.85%) were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH) was purchased from J. T. Baker. All chemicals
were used as received. Deionized water was used as a solvent.
2.2. Sample preparation

Hydroentangled nonwoven cotton fabrics were fabricated in the
nonwoven pilot plant at the Southern Regional Research
This journal is © The Royal Society of Chemistry 2019
Center. The details of nonwoven fabrication using cotton pro-
cessing and pilot-scale nonwoven production equipment have
been described in the literature.24 To eliminate the effects of the
noncellulosic components of cotton ber on the thermal reac-
tions of cellulose,25,26 alkaline scouring was carried out accord-
ing to a published procedure.27 Scoured fabric was immersed in
an aqueous solution containing various concentrations of
tannic acid and NaOH for 5 min. For the complexation of tannic
acid with sodium ions, a mixed solution of tannic acid and
NaOH was agitated for 5 min before immersing the fabric. The
treated fabric was passed through a laboratory padder (Werner
Mathis, Concord, NC), at a pressure of 68.9 kPa (10 psi) and
a padder speed of 2 m min�1, and air-dried at room tempera-
ture. Increased immersion times (10 and 30 min) and an
increased drying temperature (70 �C) did not signicantly
inuence the TG thermograms of the treated cotton (Fig. S1 and
S2, respectively†). Cotton fabric samples treated with 20%
tannic acid alone, 1% NaOH alone, and a mixture of 20% tannic
acid and 1% NaOH were denoted as cotton-T, cotton-N, and
cotton-TN, respectively.
2.3. Characterization

Thermogravimetric (TG) and differential thermogravimetric
(DTG) analyses were carried out using a TGA Q500 thermal
gravimetric analyzer (TA Instruments) under a nitrogen atmo-
sphere. The nitrogen ow into the furnace was maintained at
a rate of 90 mL min�1. Approximately 5 mg of sample placed in
a platinum pan was heated from 30� 5 �C to 900 �C at a heating
rate of 10 �C min�1. TG and DTG thermograms were analyzed
using Universal Analysis 2000 soware (TA Instruments). Three
measurements were performed. For the stepwise isothermal
experiments, the temperature was increased to 500 �C at
a heating rate of 20 �C min�1. Isothermal mode was applied
immediately when the weight-loss rate was greater than
8% min�1, and heating continued while the weight-loss rate
decreased to less than 0.05% min�1. For the thermal kinetics
study, each sample was analyzed at four heating rates—1, 2, 5,
and 10 �C min�1.

Images of the samples, which were removed from the TG
furnace at the desired temperature, were taken using a KH-8700
digital microscope (Hirox) in reection mode and a scanning
electron microscope (XL 30, Philips). The samples for SEM
imaging were coated with a gold-palladium alloy using
a vacuum sputter coater and observed at an acceleration voltage
of 10–12 keV and a beam current of 0.5 nA.

The combustion properties were evaluated using a micro-
scale combustion calorimeter (MCC) (MCC-2, Deatak) accord-
ing to the ASTM D 7309-13 protocol. Approximately 5 mg of
ground ber sample was placed in a ceramic cup and weighed
on an analytical balance (XP205, Mettler-Toledo). The sample
was then heated to 650 �C at a heating rate of 1 �C s�1 in
a stream of nitrogen owing at 80 cm3 min�1. The volatile
thermal decomposition products formed in the pyrolyzer were
swept along by the nitrogen gas stream and fully mixed with an
oxygen stream at 20 cm3 min�1 in a combustor, where the
decomposed products were completely oxidized at 900 �C for
RSC Adv., 2019, 9, 10914–10926 | 10915
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10 s. The oxygen depletion involved in the combustion was
determined in terms of the oxygen concentration and ow rate
of the combustion gases to measure the heat release rate (HRR).
The parameters obtained using MCC Curve Fit v.2 soware
(Deatak) are as follows: the specic HRR (W g�1) obtained by
dividing the HRR by the initial sample mass; the peak heat
release rate (PHRR, W g�1), which is the maximum specic
HRR; the temperature at the PHRR (TPHRR, �C); the heat release
capacity (HRC, J g�1 K), obtained by dividing the PHRR by the
heating rate; the total heat release (THR, J g�1), which is the area
under the specic HRR peak; and char content, which is
determined by weighing the sample before and aer pyrolysis.
Average values of three measurements are presented.

ATR-FTIR spectra were obtained using a Vertex 70v FTIR
spectrometer (Bruker Daltonics) equipped with a MIRacle ATR
accessory (Pike Technologies) that incorporated a diamond
crystal plate as the reector. Three measurements at different
locations for each sample were conducted over the spectrum
range of 4000–600 cm�1 at a resolution of 4 cm�1 and over 32
scans. All spectra are given in terms of transmittance and no
ATR correction was applied.

Raman spectra were measured using a DXR2 Raman
microscope (Thermo Scientic) with the following instrument
settings: a 780 nm laser with an output power of 5 mW; a 10�
confocal microscope objective with a 3 mm spot diameter;
5 cm�1 spectral resolution; and a 50 mm slit width over a 2 s
integration time. Three measurements at separate locations
were conducted over the spectral range of 250–2000 cm�1.

Experiment design using Design-Expert® version 9.0.3.1
(Stat-Ease) was carried out to examine the effects of two
factors—the concentrations of tannic acid and sodium
hydroxide—on the HRC and char yield of cotton. The experi-
mental design used was balanced. Lack-of-t tests were per-
formed to validate the model.

Flame resistance was examined using a vertical ammability
tester (VC-1, Govmark), according to the test method ASTM
D6413-99, and a 45� angle ammability tester (TC 45, Govmark),
according to the ASTM D1230-10 protocol. A standardized ame
was applied to the fabric for 12 and 5 seconds for the vertical
and 45� angle ammability tests, respectively. The times that
the ame and glow sustained for on the fabric aer the removal
of the ame (denoted as the aer ame time and aerglow time,
respectively) were measured. Average values of three measure-
ments were presented. The burning behavior of samples during
these tests was recorded using a digital camera (RX100, Sony).
The limiting oxygen index (LOI) was measured using a LOI
chamber (Dynisco), according to the ASTM D2863-00 protocol.
2.4. Determination of activation energy

The activation energy for the thermal decomposition of samples
was determined via the differential isoconversional method of
Friedman,28 using AKTS-Thermokinetics soware (version
4.46). This method is based on the following fundamental
kinetic equation, which describes the rate of conversion, da/dt,
as a function of two time-dependent variables—temperature (T)
10916 | RSC Adv., 2019, 9, 10914–10926
and the conversion of the reaction (a). The value of a varies
from 0 to 1 from initiation to completion.

da

dt
¼ kðTÞf ðaÞ (1)

where t is the time, k(T) is the temperature-dependent rate
constant, and f(a) is the reaction model associated with the
actual reaction mechanism. In this study, a (t) is dened as:

aðtÞ ¼
Ð t
t0
ðSðtÞ � BðtÞÞdtÐ tend

t0
ðSðtÞ � BðtÞÞdt (2)

where S(t) and B(t) are the baseline and differential signals,
respectively, as a function of t from TG analysis, and t0 and tend
are the times of the initiation and completion of the reaction,
respectively. k(T) is generally given by the Arrhenius expression:

kðTÞ ¼ AðaÞexp
�
� EaðaÞ

RTðtÞ
�

(3)

where A(a) is a pre-exponential factor (min�1), Ea is the activa-
tion energy (kJ mol�1), T is the absolute temperature (K), and R
is the gas constant (8.314 J K�1 mol�1). Substituting eqn (3) into
(1) yields:

da

dt
¼ AðaÞexp

�
� EaðaÞ

RTðtÞ
�
f ðaÞ (4)

Obtaining the natural logarithm of both sides of eqn (4)
yields the following equation, which expresses da/dt. as a func-
tion of the reciprocal temperature at any value of a:

ln

�
da

dt

�
¼ lnðAðaÞf ðaÞÞ � EaðaÞ

R

1

TðtÞ (5)

At any xed value of a, f(a) is a constant, and thus the
dependence of da/dt on 1/T at a given value of a leads to
a straight line, with the slope equal to �Ea(a)/R and the inter-
cept equal to ln(A(a)f(a)). The obtained differential isoconver-
sional results can be applied to simulate the time taken to reach
a given value of a(ta) using the following expression:

ta ¼
ða
a0

1

AðaÞf ðaÞ
�
� EaðaÞ

RTðtÞ
�da (6)

where a0 is the a value corresponding to the initiation of the
reaction.
3. Results and discussion
3.1. Thermal properties of tannic acid

Tannic acid consists of a central core of glucose and two (inner
and outer) layers of ve gallic acid units (Fig. 1a). These three
substructures are all connected through ester linkages. The
approximate molar masses (in percentages) of the core, inner
layer, and outer layer are 5.6%, 44.7%, and 49.7%, respectively.
Fig. 1b shows TG and DTG thermograms of tannic acid
compared with those of cotton. The corresponding thermal
parameters are summarized in Table 1. Tannic acid started to
This journal is © The Royal Society of Chemistry 2019



Fig. 1 (a) The structure of tannic acid. (b) TG and DTG thermograms of tannic acid and a cotton control, obtained at a heating rate of 10 �Cmin�1.
(c) Optical microscopy images of tannic acid heated at its DTG characteristic temperatures; scale bars are 200 mm.
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decompose at around 190 �C, which is 120 �C lower than the
onset decomposition temperature (To) of cotton cellulose. The
weight loss from tannic acid at To (WLo) resulting from the
removal of moisture was greater than that from cotton (6.7%
Table 1 TG and MCC parameters for tannic acid, the cotton control, and
complexa

Tannic acid Cotto

TG To (�C) 189.0 (0.7) 309.8
WLo (%) 6.7 (1.2) 4.0 (1
Tm (�C) 269.5 (2.1) 361.3
WLm (%) 21.2 (1.5) 50.7 (
Te (�C) 352.2 (1.7) 390.5
WLe (%) 56.8 (0.8) 91.1 (
Char yieldb (%) 26.4 (2.3) 5.2 (0

MCC HRC (J g�1 K) 141.2 (1.1) 268.5
PHRR (W g�1) 198.0 (6.8) 351.0
TPHRR (�C) 282.5 (3.5) 382.8
THR (kJ g�1) 7.2 (0.1) 12.2 (
Char yield (%) 21.2 (1.5) 6.7 (0

a T: temperature; o: onset decomposition; m: maximum decompositio
parentheses are standard deviations of the three measurements. b Char a

This journal is © The Royal Society of Chemistry 2019
versus 4.0%). In the DTG analysis, tannic acid developed
a doublet peak centered at 269.5 �C and 321.6 �C, whereas
cotton exhibited a single peak at 361.3 �C. The decomposition of
the ve outer-layer gallic acid units in tannic acid has been
cotton fabric treated with tannic acid, NaOH, and the Na–tannic acid

n Cotton-T Cotton-N Cotton-TN

(1.1) 212.0 (2.3) 190.0 (0.9) 189.8 (0.9)
.2) 3.6 (0.8) 3.9 (2.2) 5.4 (1.5)
(0.5) 344.1 (1.1) 336.1 (1.2) 343.1 (0.8)
1.2) 51.2 (2.5) 48.9 (2.2) 46.7 (1.1)
(0.7) 368.3 (3.1) 364.3 (0.9) 365.3 (0.5)
2.2) 73.5 (2.7) 69.1 (1.1) 58.8 (0.6)
.4) 15.9 (1.2) 19.2 (1.1) 27.5 (1.0)
(5.3) 168.0 (1.7) 116.0 (3.5) 49.7 (0.8)
(9.3) 223.7 (1.2) 154.3 (5.8) 61.4 (1.2)
(2.7) 353.5 (1.5) 351.2 (2.3) 355.3 (1.7)
0.2) 8.8 (0.2) 5.6 (0.1) 4.1 (0.3)
.8) 16.5 (0.5) 22.5 (0.2) 33.9 (0.5)

n rate; e: end of major decomposition; WL: weight loss. Figures in
mount measured at 700 �C.

RSC Adv., 2019, 9, 10914–10926 | 10917



RSC Advances Paper
reported to occur via decarboxylation in the temperature range
of 230–400 �C.18 It is suspected that the observed doublet results
from the overlapping decomposition of various gallic acid units
from distinct branches.

Further examination using the stepwise isothermal mode
was carried out to discern the thermal process of tannic acid
decomposition at higher resolution. As shown in Fig. 2, the two
consecutive decomposition processes were separated clearly
over time and temperature through maintaining the TG furnace
temperature at about 276 �C. The rst decomposition fully
evolved and ended with 42.1% weight loss, followed by the
second process involving 8.7% weight loss. Calculations based
on the molar mass (Table 2) indicate that the weight losses
resulting from the two-step decomposition could be correlated
with equivalent numbers of galloyl units. The weight loss from
the rst decomposition was close to the molar mass of four
galloyl units, including the ester group. The loss of water
molecules due to the condensation of phenolic hydroxyl groups
or the decarboxylation of inner galloyl units may account for the
extra molar mass. The second DTG peak corresponds to the
mass loss of one galloyl unit, including the ester group.
Differences in the steric structure and inconsistent inter/
intramolecular forces between galloyl units may lead to such
complex decomposition behavior.

3.2. Intumescence of tannic acid

Another noticeable difference observed from the DTG thermo-
grams is that the maximum weight-loss rate of tannic acid is
Fig. 2 The TG stepwise isothermal analysis of tannic acid: (a) weight los

Table 2 Weight losses from the first and second DTG peaks of tannic ac

Temperature
range (�C) Weight loss (%)

First DTG peak 220–277 42.1 � 0.3
Second DTG peak 277–395 8.7 � 0.2
Outer galloyl units
including ester group

— —

a Weight loss corrected for moisture content.

10918 | RSC Adv., 2019, 9, 10914–10926
lower by a factor of four than that of cotton. This slower
decomposition process resulted in the production of a large
amount of char: 26.4% (5.2% for cotton) at 700 �C. The char
yield is a good indicator of heat and mass transfer resistance
during pyrolysis,21 i.e., the higher the char yield, the greater the
thermal stability. Fig. 1c shows optical microscopy images at the
characteristic DTG temperatures of tannic acid. When heating
to the rst DTG peak temperature (270 �C), tannic acid—a light
yellow powder with a granule size of about 45 mm—was charred
and greatly expanded to form a black dome-shaped structure
consisting of a mass of round and brittle cells. The sizes of these
cells varied greatly, from 20 to 300 mm in diameter. Aer the rst
decomposition (297 �C), the small cells further expanded,
producing a more uniformly sized cellular structure. At the
second DTG peak temperature (322 �C), some cells merged into
larger cells with a loss of size uniformity. Finally, large cells
(200–350 mm) were predominantly observed at the end of the
second decomposition (400 �C).

The development of intumescence is closely linked to
chemical transformations during pyrolysis. Fig. 3 shows ATR-
FTIR and Raman spectra of tannic acid heated at incremental
temperatures. At Tm (270 �C), the bands at 1533 cm�1 and
1512 cm�1 corresponding to aromatic C]C stretching were
diminished, indicating the dissociation of some gallic acid
units and the formation of crosslinked aromatic structures with
a lower dipole moment. Changes in other bands, such as O–H
stretching at 3300 cm�1, C]O stretching at 1701 cm�1,
aromatic C–O symmetric stretching at 1606 cm�1, aromatic C–O
s versus time; and (b) weight loss versus temperature.

id and their correlation with the number of galloyl units decomposed

Corrected weight
lossa (%)

Molar mass with
respect to tannic
acid (g mol�1)

Equivalent number of
galloyl units based
on molar mass

45.5 � 0.6 774 � 10 4.6 � 0.1
9.5 � 0.1 162 � 2 1.0 � 0.1
— 169 1

This journal is © The Royal Society of Chemistry 2019



Fig. 3 (a) ATR-FTIR spectra and (b) Raman spectra of tannic acid heated at its DTG characteristic temperatures. Samples without heat treatment
were denoted as registering a temperature of 25 �C.
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asymmetric stretching at 1309 cm�1 and 1175 cm�1, C–O–C
stretching at 1019 cm�1, and C–H out-of-plane deformation at
754 cm�1, were relatively small. However, these characteristic
bands became less intense at 322 �C and almost unrecognizable
at 400 �C due to the loss of most of the galloyl units. Since the
inner and outer galloyl units share almost identical functional
groups, the decomposition of the outer galloyl units was barely
discernable.

Unlike the ATR-FTIR spectra, the Raman spectra exhibited
dramatic changes at low temperatures. According to a previ-
ously published assignment,29 the two most intense peaks at
1700 cm�1 and 1606 cm�1 represent conjugated C]O and aryl
C]C stretching from the aromatic ring, respectively. The peaks
at 1320 cm�1 and 1186 cm�1 were assigned to the O–H defor-
mation and C–O stretching of phenols, respectively. At 270 �C,
as Raman is most sensitive to symmetric covalent bonds with
low dipole moments, the D-band at 1322 cm�1 and G-band at
1572 cm�1 became predominant; however, the polar C]O, aryl
C]C, phenolic O–H, and C–O peaks were no longer recogniz-
able. The appearance of the D-band and G-band indicates the
formation of C–C bonds (sp2) with microcrystalline graphite-
like ordered structures and an aromatic ring quadrant
breathing mode, respectively.30–35 As the temperature increased
to 400 �C, the D-band and G-band became broad, indicating the
formation of more cross-linked aromatic structures in the
residue. Therefore, it can be concluded that the observed intu-
mescent char resulted from the decomposition of outer galloyl
units.
3.3. Thermal decomposition kinetics

A kinetic analysis—calculating Ea values for the condensed
phased decomposition reaction—can provide insight into the
formation of a stable char, because the rate-determining step
This journal is © The Royal Society of Chemistry 2019
involves the diffusion of volatiles to or from the residual char.22

The differential isoconversional method used in this study does
not rely on mathematical reaction models, so it avoids the risk
of pre-assuming inappropriate reaction functions and thus
leads to the more precise determination of Ea.36 Kinetic inter-
pretation of the dynamic thermogravimetric data was carried
out using a degree of conversion between 0 and 1. Fig. 4a and
b show the dependencies of the conversion and the conversion
rates of tannic acid, respectively, on temperature. The thermal
reaction decelerated when a was close to 0 and 1. The reaction
rate reached its maximum as the conversion reached its inter-
mediate extent. As the heating rate increased, a and da/dt
shied toward higher temperatures. Fig. 4c shows the differ-
ential isoconversional analysis, producing straight lines in plots
of the logarithm of the conversion rate as a function of the
reciprocal temperature (Eq. (5)). The analysis was conducted
using 0.0001 intervals of a, and een examples were selected
for visual representation. The linear correlation coefficients
were all greater than 0.99 over the entire conversion range,
signifying the feasibility of this method.

Fig. 5 shows the Ea values calculated from the slopes of the
linear functions plotted as a function of a. The Ea values greatly
varied as the reaction progressed, conrming the multistep
decomposition process of tannic acid. Two local Ea maxima
were observed near a ¼ 0.05 and a ¼ 0.4, reaching 247 and
202 kJ mol�1, respectively. The higher Ea values in the early
stage indicate that the decomposition of four galloyl units
produced fewer volatiles, favoring the formation of stable char.
The subsequent decrease of Ea suggests that the evolution of
volatiles was promoted during the dissociation of the rest of the
outer galloyl layer. The resulting gaseous products, such as
carbon dioxide (nonammable), were considered responsible
for blowing the char. These kinetic results support the intu-
mescence development process proposed from the chemical
RSC Adv., 2019, 9, 10914–10926 | 10919



Fig. 4 (a) The conversions of the reaction and (b) the conversion rates of tannic acid as functions of temperature at four heating rates. The black
solid lines represent simulated a and da/dt values based on the obtained isoconversional results. (c) Differential isoconversional analysis of the
thermal decomposition of tannic acid.
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and morphological analyses of the condensed phase. The
resulting thermal resistance of tannic acid is demonstrated by
its HRC (143 J g�1 K), which is almost half the HRC of cotton
(Table 1).
Fig. 5 The activation energy, natural logarithm of the pre-exponential
factor times the reaction model, and correlation coefficient as
a function of the conversion of the reaction for the thermal decom-
position of tannic acid. For the sake of comparison, the activation
energy of cotton is plotted using a dotted line.

10920 | RSC Adv., 2019, 9, 10914–10926
3.4. Complexation of tannic acid

The effects of the complexation of tannic acid with sodium ions
on the thermal barrier performance were examined. A total of 16
formulations in the concentration ranges of 0–20% for tannic
acid and 0–1% for NaOH (two independent variables) were
constructed for the experimental design. Using three replicates,
two response variables (the HRC and char yield) of treated
cotton fabric were measured. Fig. 6a and b show the two- and
three-dimensional response surface plots of the HRC and char
yield, respectively. Both response variables were described best
via cubic models, as shown in eqn (7) and (8).

YH ¼ 243.9 � 8.9T � 282.7N � 6.1TN + 1.2T2

+ 1.53.9N2 + 0.4T2N � 0.1T3 (7)

YC ¼ 8.5 + 1.4T + 12.7N + 0.9TN � 0.2T2 + 31.1N2

� 0.2T2 � 0.1T2N � 29.6N3 (8)

where YH and YC are the HRC and char yield, respectively, and T
and N are the concentrations of tannic acid and NaOH,
respectively. An insignicant lack-of-t of these models was
validated at a signicance level of 0.05. The signicance of the
products of the two independent variables indicates that tannic
acid and NaOH interacted in inuencing the HRC and char
This journal is © The Royal Society of Chemistry 2019



Fig. 6 Three- and two-dimensional response surface plots of the (a) HRC and (b) char yield of cotton nonwoven fabric as a function of the
concentrations of tannic acid and NaOH.
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yield of cotton. The surface plots show that the optimal condi-
tions for a minimum HRC and maximum char yield were
determined in two regions located at around 8% tannic acid/1%
NaOH and 20% tannic acid/1% NaOH. We will focus on 20%
tannic acid/1% NaOH for studying the synergistic action of the
two components on the thermal properties.

To better understand the interaction between the compo-
nents, the individual effects of tannic acid and sodium ions
were rst examined. Fig. 7a and b show that both treatment
with tannic acid and NaOH (cotton-T and cotton-N, respectively)
similarly decreased the Ti and Tm values of cotton and dimin-
ished the weight-loss rate, resulting in an increase in the char
yield. Despite the similarities between their effects on the TG
and DTG thermograms, tannic acid and sodium ions inuenced
Ea differently (Fig. 7c). The cotton control exhibited slightly
decreasing and monotonous behavior in terms of Ea at around
170 kJ mol�1. The relative steadiness of Ea during the course of
the thermal decomposition of cotton cellulose has also been
observed elsewhere.37 Treatment with tannic acid alone
increased Ea to a similar extent as the reaction progressed,
yielding the same decaying function. On the other hand, treat-
ment with NaOH alone raised Ea at higher conversion values to
maintain Ea at around 190 kJ mol�1 until a reached nearly 0.9.
This altered evolution pattern of Ea is in accordance with the
catalytic action of sodium ions, modifying the thermal reaction
routes of cellulose.25,26 Sodium ions adsorbed onto cotton
This journal is © The Royal Society of Chemistry 2019
facilitate the dehydration reaction of cellulose at low tempera-
tures but suppress the accelerated depolymerization reaction at
high temperatures. This in turn indicates that tannic acid
enhances the thermal stability of cotton primarily by forming
a physical barrier of intumescent char, rather than by modifying
the thermal reactions of cellulose. The average Ea value ob-
tained at a ¼ 0.1–0.9 was observed in the following order of
magnitude: tannic acid treatment > NaOH treatment > cotton
control.

Tannins have excellent metal-binding capabilities.38 The
hydroxyl groups of galloyl units in tannic acid readily adsorb
sodium ions, forming a complex. Fig. 8 shows models of the
complex with two sodium ions in a mixture of 20% tannic acid
and 1% NaOH in water, which were visualized using Cinema
4D. The geometry of tannic acid was optimized using the semi-
empirical method AM1 level of theory, and Hückel electrostatic
potential maps were calculated using WebMO.39 The molecules
were simulated using an SPC/E water model and CHARMM27
all-atom force eld within the molecular dynamics simulation
soware GROMACS,40–42 using SwissParam for topology and
parameters.43 The sodium ions were positioned near the
hydroxyl groups of the galloyl units in the outer layer, as
determined using the electrostatic potential map.

Fig. 9a shows TG and DTG thermograms of cotton treated
with amixture of 20% tannic acid and 1%NaOH (cotton-TN). As
the addition of NaOH increased the adsorption of tannic acid
RSC Adv., 2019, 9, 10914–10926 | 10921



Fig. 7 (a) TG and (b) DTG thermograms of a cotton control, cotton treated with tannic acid, and cotton treated with NaOH. The effects of tannic
acid and NaOH on (c) the activation energy profile as the reaction progressed and (d) the average activation energy for the thermal decom-
position of cotton cellulose.
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onto cotton, the characteristic DTG doublet of tannic acid was
detectable on the le shoulder of the peak from cellulose.
Sodium ions shied the DTG peaks of tannic acid to lower
temperatures, i.e., from 270 �C to 226 �C for the rst peak and
from 322 �C to 282 �C for the second peak. The resulting char
yield was 28%, which was 73% and 43% greater than those
obtained from individual treatment with tannic acid and NaOH,
Fig. 8 Ball and tube rendering of a complex of tannic acid with two sodiu
are not shown for clarity. Color scheme: carbon in the core – light grey; c
oxygen – red; and sodium – purple.

10922 | RSC Adv., 2019, 9, 10914–10926
respectively. It is noted that this char yield exceeded the char
yield of tannic acid itself (Table 1), indicating the synergistic
action of sodium ions on the control of thermal consumption.

Fig. 9b shows the Ea prole along with the thermal reaction
progress for cotton-TN. Ea largely varied below a¼ 0.4 as a result
of the decomposition of tannic acid, and then remained steady
during the decomposition of cellulose. Ea for tannic acid
m ions in water presenting a view of each sodium ion. Hydrogen atoms
arbon in the inner layer – green; carbon in the outer layer – dark grey;

This journal is © The Royal Society of Chemistry 2019



Fig. 9 (a) TG and DTG thermograms and (b) activation energy as a function of the conversion of the reaction for cotton treated with a mixture of
tannic acid and NaOH (cotton-TN). (c) Activation energies as a function of the conversion of the reaction corresponding to the first and second
DTG peaks (T1 and T2, respectively) for cotton-TN. (d) A comparison of the average activation energies corresponding to T1 and T2 for tannic
acid and cotton-TN. (e) An SEM image of the char from cotton-TN taken at 400 �C.
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appeared to increase when it was complexed with sodium ions.
The Ea values corresponding to the rst and second DTG peaks
of tannic acid for cotton-TN (denoted as the T1 and T2 regions,
respectively, in Fig. 9a) were individually calculated and
compared with those for pure tannic acid (Fig. 9c). For pure
tannic acid, the Ea values at T1 increased in the early stages of
the reaction and gradually decreased as the reaction proceeded,
whereas the Ea values for T2 were constant throughout the
reaction. These distinctive Ea behaviors suggest that the
decomposition of the four galloyl units involved more complex
competitive or consecutive reactions rather than the subse-
quent decomposition of one galloyl unit at a time. The
complexation with sodium ions did not signicantly alter the
patterns in the variation of Ea but greatly increased their
magnitudes. The Ea values at T1 and T2 for cotton-TN were
greater than the values at T1 and T2 for tannic acid itself. In
particular, the Ea values at T1 were increased by 55% when
complexing with sodium ions, indicating the greater effect of
sodium ions on the rst-step decomposition of the galloyl units.
3.5. Thermal barrier coating of the Na–tannic acid complex

The thermal barrier performance of the Na–tannic acid complex
was further examined by observing the ber morphology at the
DTG characteristic temperatures of cotton-TN (Fig. 10). Under
This journal is © The Royal Society of Chemistry 2019
the optical microscope, a cotton ber exhibited its intrinsic (at
and twisted) ribbon-like structure and birefringence. Aer
treatment, a thin lm on the surface of the ber was observed.
When heated to 226 �C (the rst DTG peak temperature), the
entire surface of the ber was coated by the expanded char of
tannic acid. At 282 �C (the second DTG peak temperature), the
char layer was further blown and exhibited a darker color.
During the decomposition of tannic acid up to 282 �C, the
cotton control showed no signicant change in morphology. At
344 �C (Tm of cotton-TN), however, the cotton control ber
shrank dramatically and twisted along the ber length. In
contrast to such high consumption of the cotton control ber,
the cotton-TN ber maintained its morphology during the
major decomposition of cellulose. The char reinforced by
sodium ions served as an effective protective barrier to hinder
the diffusion of volatiles and heat to the underlying ber, sup-
pressing the combustion of the cotton fabric. The blown char
layer remained at 400 �C (Fig. 9e), which was less observable
following treatment with tannic acid alone (Fig. S3†).

The synergistic effects of tannic acid and sodium ions, which
were indicated by the HRC of cotton-TN—almost one-third that
of the HRC of tannic acid itself (Table 1)—were demonstrated via
open ammability tests. Table 3 presents a summary of the
vertical and 45� angle ammability test results and LOI values for
RSC Adv., 2019, 9, 10914–10926 | 10923



Fig. 10 Optical microscopy images of a cotton control and cotton-TN heated to the three DTG characteristic temperatures of cotton-TN. The
samples without heat treatment were denoted as registering a temperature of 25 �C. Scale bars are 20 mm.
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cotton, cotton-T, cotton-N, and cotton-TN fabric. Photographs of
samples taken during vertical and 45� angle ammability testing
are presented in Fig. 11. In the vertical ammability test, the
cotton control immediately caught re, even before the standard
ame was placed onto the fabric, and most of the fabric was
consumed by the rapid propagation of the ame within 12 s.
Individual treatment with tannic acid or NaOH changed the
burning behavior of cotton in a different manner. Tannic acid
doubled the aer ame time (i.e., slower propagation of the
Table 3 A summary of the vertical and 45� angle flammability test results
acid, NaOH, and the Na–tannic acid complexa

Cotton

Vertical ammability Aer ame time (s) 12.2 (1
Aer glow time (s) 6.3 (0.9

45� angle ammability Classicationb Class 1
Aer ame time (s) 12.5 (2
Aerglow time (s) 4.2 (1.1

LOI (%) 18.0 (0

a Figures in parentheses are standard deviations from three measuremen
considered by the trade to be generally acceptable for apparel based on a
not ignite.

10924 | RSC Adv., 2019, 9, 10914–10926
ame), whereas NaOH suppressed the ame and greatly
increased the aerglow time from 6 to 95 s. Similar alterations to
the ammability of cotton were observed in 45� angle amma-
bility testing (Fig. S4†). On the other hand, a mixture of tannic
acid and NaOH considerably suppressed the ammability of
cotton, producing no ame on cotton and extending the aer-
glow time to 24 min before the complete consumption of the
sample in the vertical ammability test. A ESI Video† showing the
difficulty of ignition and the inhibition of ame generation on
and LOI values for a cotton control and cotton fabric treatedwith tannic

Cotton-T Cotton-N Cotton-TN

.1) 27.2 (2.5) 4.3 (0.5) 0.0 (0.0)
) 1.2 (0.5) 95.2 (4.7) 1450.4 (10.5)
c Class 1 Class 1 Class 1
.3) 28.3 (2.6) 0.0 (0.0) DNId

) 1.2 (0.5) 156.4 (3.5)
.0) 22.0 (0.0) 18.0 (0.0) 25.7 (0.6)

ts. b Used by the Consumer Product Safety Commission. c Textiles are
n average time of ame spread of 3.5 s or more and no ignition. d Did

This journal is © The Royal Society of Chemistry 2019



Fig. 11 Photographs of (a) cotton, (b) cotton-T, (c) cotton-N, and (d)
cotton-TN taken 5 seconds after the removal of the flame in vertical
flammability testing, showing the synergistic effects of tannic acid and
sodium ions. Photographs of cotton-TN taken after (e) 0 and (f) 20
seconds in the 45� angle flammability test, showing no ignition.
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the cotton-TN sample is available. In the 45� angle ammability
test, no ignition occurred on cotton-TN (Fig. 11f). This synergistic
action of the Na–tannic acid complex was manifested by the
LOI—individual treatment with tannic acid or NaOH yielded LOI
values close to the value of the cotton control (18%), but
a mixture of the two increased the LOI to 26%.
4. Conclusions

Intumescence is an effective strategy for protecting materials
from heat and ame, but it requires the formulation of several
active components and the consolidation of these with a binder.
This study showed that tannic acid, a plant-based polyphenol,
itself has the potential of intumescence. Despite its nearly
symmetric structure, the thermal decomposition of tannic acid
was disproportionate, producing blown char via a two-step
reaction. Four galloyl units in the outer layer of tannic acid
were rst decomposed and transformed into a multicellular
char, and the subsequent decomposition of the one remaining
galloyl unit further expanded the char. Thermal kinetic analysis
using the differential isoconversional method indicates that the
thermal barrier function of the char can be enhanced by the
complexation of tannic acid with sodium ions. The introduction
of low concentrations of sodium ions raised the activation
energy for the thermal decomposition of tannic acid, releasing
volatile species, and thus facilitated the formation of a ther-
mally stable char. Na–tannic acid complexation effectively pro-
tected cotton against heat, as demonstrated by the 80%
decrease in the heat release capacity of cotton and the inhibi-
tion of ame generation in open ammability tests. These
results helped advance our understanding of the intumescence
process of tannic acid and showed its synergistic action with
sodium ions. They also suggest the suitability of an examination
of the possible benets of complexation with other metal ions
for improving the thermal properties of tannic acid.
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