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Abstract A comparison of the thermal decomposi-

tion and combustion characteristics of raw and

scoured cottons has demonstrated a mechanistic link

caused by the presence of inorganic salts in raw cotton,

which enhances resistance to heat and flame. Ther-

mogravimetry, differential thermogravimetry, and

microscale combustion calorimetry were used to

examine the thermal decomposition kinetics and

thermal stability of cotton. During pyrolysis, both

raw cotton nonwoven and woven fabrics exhibited a

slower decomposition with a larger initial weight loss

and produced a greater char yield, as compared to the

fabrics after scouring, which removes most inorganic

components from cotton. The activation energy (Ea)

values, calculated using the Kissinger method, the

Flynn–Wall–Ozawa method, and the modified Coats–

Redfern method, were consistently determined to be

smaller for raw cotton than for scoured cotton. The

analyses of cotton fabrics heated at elevated

temperatures by 13C CP/MAS NMR and ATR-FTIR

showed that trace quantities of inorganic components

promoted the formations of oxygenated moieties at

low temperatures and aliphatic intermediate char. In

the combustion, raw cotton exhibited a much smaller

heat release capacity and a smaller total heat release

than scoured cotton, indicating enhanced thermal

stability when the inorganic components are intact.

Keywords Cotton � Inorganic salt �
Thermogravimetry � Microscale combustion

calorimetry � NMR � Activation energy

Introduction

Cotton is most commonly scoured or scoured and

bleached before being used for commercial purposes,

but due to its propensity to burn, cotton’s use is

limited. Flame retardant/resistant chemistry for cotton

has been extensively researched over the last six

decades, mostly triggered by the enforcement of

regulations, and has broadened applications for cotton

to uses in which resistance to heat and flame is

required. Nevertheless, many questions on established

flame retardants have been raised in terms of environ-

mental sustainability, toxicology aspect, performance,

and cost, thus in turn seeking innovative ways to

replace them (Horrocks 2011).

The obstacles in exploiting desirable flame retar-

dants are partly attributed to the difficulty of
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completely understanding the complex thermal reac-

tion of cotton. Studies over many years suggest that

the thermal degradation of cellulose, the main com-

ponent of cotton, undergoes multiple steps (Antal et al.

1980; Bradbury et al. 1979; Radlein et al. 1991;

Shafizadeh 1982). At low temperature ([300 �C), the

decomposition of the glycosidic units occurs, produc-

ing water, carbon dioxide, carbon monoxide, and

eventually char. At above 300 �C, two competitive

processes occur: (1) depolymerization producing

volatile levoglucosan, furan, and furan-derivatives

and (2) dehydration producing char dominated by

aliphatic moieties at ca. 350 �C, which is transformed

into char composed primarily of aromatic functional-

ity at about 400–600 �C. This accepted mechanism,

however, is influenced by external and internal

conditions that alter the thermal reaction routes of

cellulose and consequently change an array of pro-

ducts formed upon decomposition. For example,

heating rates influenced the thermal stability of char;

less stable char was formed at a high heating rate

(300 �C/min) (Alongi et al. 2013). At a low heating

rate (2 �C/min), the pronounced dehydration was

observed by FTIR before the onset of depolymeriza-

tion reactions at higher temperatures, resulting in a

reduced volatilization (Julien et al. 1991).

Special attention is given to the intriguing phenomena

that a very small amount of inorganic impurities

(\0.1 %) modifies the cellulose pyrolysis process. Nat-

ural inorganic components of woods apparently inhibit

the formation of volatiles and increase the char yield

(DeGroot and Shafizadeh 1984; Kelly et al. 1991; Piskorz

et al. 1989; Shafizadeh 1968; Shafizadeh et al. 1979;

Williams and Horne 1994). Piskorz et al. (1989) reported

the influence of inorganic impurities on the pyrolysis

products of wood cellulose: a significant increase in

levoglucosan formation and decrease in glycolaldehyde

formation were observed after removal of inorganic

components. The inhibition mechanism of the naturally-

occurring inorganic components, however, is unclear. An

explanation proposed is that the formations of levoglu-

cosan and hydroxyacetaldehyde result from parallel

reactions of heterolytic and homolytic scissions, respec-

tively (Richards 1987; Shafizadeh and Fu 1973). Metal

ions act as catalysts for the decomposition of glyco-

sidic units of cellulose, suppressing the equally

selective pathway of depolymerization (Piskorz et al.

1989; Richards 1987). According to another explanation,

the metal ions retard the unzipping reaction of

depolymerization by capping chain ends (Basch and

Lewin 1973; Halpern and Patai 1969). With respect to

decreasing the levoglucosan formation, the type of metal

ions present was found to be more influential than their

concentration (Richards and Zheng 1991), while the char

yield strongly depended on the concentration of metal

ions (Mayer et al. 2012). The inorganic salts also

influenced the nature of the char: Zn and Co ions were

found to enhance the formation of aromatic char, whereas

K increased aliphatic char (Soares et al. 1998).

Most studies on the effect of natural inorganics

were conducted with woods by removing the inor-

ganics via an acid-wash. Since the acid washing of

cellulose reduces its degree of polymerization (DP),

which is also known to affect the pyrolysis pathway,

the sole effect of inorganics cannot be easily resolved

or deduced. Apparently, the interrelationship between

inorganic ions and DP was observed in the pyrolysis of

woods (Julien et al. 1991). Therefore, it is necessary to

study the roles of natural inorganics without disturbing

DP. Another motivation is that most pyrolysis studies

of cotton were conducted using scoured or scoured and

bleached materials. As the use of unscoured raw cotton

is receiving more attention, in particular for nonwoven

applications such as batting for furniture and mat-

tresses, the acoustic insulation of automobiles as well

as various disposable products such as protective or

medical garments, it is valuable to understand the

thermal decomposition of raw cotton cellulose.

A goal of the present work was to compare the

thermal decomposition and combustion characteristics

of raw cotton before and after alkaline scouring, which

removes inorganic ashes without changing the DP of

cellulose. Several techniques, including thermogravi-

metry (TG), differential thermogravimetry (DTG),

microscale combustion calorimetry (MCC), and solid-

state NMR, were employed. Based on the TG/DTG

data, activation energy (Ea) was calculated using three

model-free methods. TG/DTG is an excellent tool to

provide information pertaining to thermal processes,

but other independent methods must be utilized to

elucidate thermal decomposition kinetics and mech-

anism (White et al. 2011). MCC, which simulates

combustion by pyrolyzing a sample at a constant

heating rate and subsequently allowing a complete

oxidation of the released gases, provided heat release

parameters and estimated its fire hazard potential. 13C

CP/MAS NMR and ATR-FTIR microscope gave

information on the chemical changes of decomposed
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cellulose. Such combined results would allow better

understanding of the thermal behavior of raw cotton

cellulose with its inorganic components intact as an

adjunct to the development of new methods for

producing flame resistant cotton in general.

Experimental

Materials and sample preparation

Needle-punched raw cotton nonwoven (NW) fabric was

fabricated in the pilot plant at the Southern Regional

Research Center. The American upland raw cotton

acquired from the national registry was mechanically

cleaned without using water and chemicals through re-

ginning and lint-cleaning processes. The resulting

opened fiber was carded, cross-lapped, and subse-

quently needle-punched to produce a fabric (100 g/m2).

Raw cotton plain woven (W) fabric (greige cotton duck,

237 g/m2) was purchased from the Testfabrics, Inc.

The alkaline scouring of raw NW and W fabrics

was carried out as follows: using an overflow jet

dyeing apparatus (Werner Mathis Inc.), fabric was

immersed in an aqueous solution containing NaOH

(1.8 g/L) and Triton� X-100 (0.2 g/L) with a liquid-

to-fabric ratio of 22:1 and circulated at 100 �C for

60 min. After treatment, the fabric was washed in

circulating water at 100 �C for 20 min, followed by

cold water for 20 min. The scoured fabric was

neutralized with a solution of acetic acid (0.25 g/L)

in water for 10 min and then rinsed with cold water.

The fabric was then passed through a continuous hot

air dryer (Werner Mathis Inc.).

Elemental analysis

The elemental analysis was carried out by quadrupole

inductively coupled plasma mass spectroscopy in the

Elemental Analysis, Inc. in Lexington, KY. Six disk

samples (2.5 cm in diameter) were randomly taken

from each fabric and ground in a Wiley Mill (Arthur

H. Thomas Co.) with a 40 mesh (0.42 mm). A 0.1 g of

the sample was digested with 2 mL of nitric acid and

1 mL of hydrochloric acid in a closed-vessel micro-

wave digestion system. The sample was diluted to

50 g with high-purity water, and internal standards

were added.

TG/DTG

Thermogravimetric analysis was carried out using a

TGA Q500 thermal gravimetric analyzer (TA Instru-

ment) under nitrogen atmosphere. The nitrogen flow

into the furnace was maintained at a rate of 90 mL/

min. About 5 mg of sample, which had been ground in

a Wiley Mill (Arthur H. Thomas Co.) with a 40 mesh,

were evenly placed at the bottom of an aluminum pan.

The temperature was increased from 23 ± 3 to

1,000 �C. For the determination of Ea, four different

heating rates, 2, 5, 10 and 15 �C/min, were used. TG

and DTG thermograms were analyzed using Universal

Analysis 2000 software. Three runs were performed

to obtain an average of the thermal decomposition

parameter.

Ea determination

The Ea values for the thermal decomposition of cotton

fabrics were calculated from nonisothermal TGA data

by using ‘‘model-free’’ methods: the Kissinger, the

Flynn–Wall–Ozawa, and the modified Coats–Redfern

methods. These methods are based on the following

fundamental kinetic equation.

da
dt
¼ A exp � Ea

RT

� �
f ðaÞ ð1Þ

where a is the conversion fraction, (W0 - Wt)/(W0

- Wf) (where W0, Wt, and Wf are the initial, time t, and

final weights of the sample, respectively), T is the

absolute temperature, A is the pre-exponential factor,

Ea is the activation energy, R is the gas constant, and

f(a) is the reaction model.

Introducing the heating rate, b = dT/dt, into Eq. (1)

gives

da
dT
¼ A

b
exp � Ea

RT

� �
f ðaÞ ð2Þ

Integration of Eq. (2) gives

gðaÞ ¼
Za

0

da
f ðaÞ ¼

A

b

ZT

0

exp � Ea

RT

� �
dT ð3Þ

The Kissinger method (Kissinger 1956) is based on

taking the derivative of Eq. (2) and considering that

the second derivative is zero at the maximum reaction

rate. Since this method assumes a constant Ea over the
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course of the reaction, it is not an isoconversional

method. The Flynn–Wall–Ozawa method (Flynn and

Wall 1966; Ozawa 1965), an isoconversional method,

uses approximations of the integral form of Eq. (3)

using the Doyle’s approximation (Doyle 1961). The

modified Coats–Redfern method is also an isoconver-

sional method transformed by model-fitting the Coats–

Redfern method which utilizes Eq. (3). The isocon-

versional method has an advantage to produce Ea at

progressive a. The expressions of these three methods

are summarized in Table 1.

MCC

Thermal combustion properties of raw and scoured

cotton fabrics were examined using a microscale

combustion calorimeter (MCC, FAA Micro Calorim-

eter, Fire Testing Technology Ltd.) according to

ASTM D 7309-2007 (Method A). About 5 mg of

sample were heated to 700 �C at a heating rate of 1 �C/

s in a stream of nitrogen flowing at 80 cm3/min. The

volatile thermal decomposition products forms in a

pyrolyzer are swept by the gas stream of nitrogen and

oxygen to a combustor where the decomposition

products are completely oxidized at 900 �C for 10 s.

Oxygen concentrations and flow rates of the combus-

tion gases are used to determine the oxygen depletion

involved in the combustion process and the heat

release rate (HRR) is determined from these measure-

ments. The obtained parameters include: specific HRR

(W/g), obtained by dividing HRR by the initial sample

mass; peak heat release rate (PHRR, W/g) which is

the maximum specific HRR; temperature at PHRR

(TPHRR, �C); heat release capacity (HRC, J/g K),

obtained by dividing PHRR by the heating rate; total

heat release (THR, J/g) which is the area under the

specific HRR peaks; and char content, determined by

weighing the sample before and after the pyrolysis.

The average of duplicate measurements was

presented.

13C CP/MAS NMR

13C CP/MAS NMR measurements were carried out on

a Bruker Avance-400 NMR spectrometer equipped

with a Bruker double-resonance MAS probe. The

operating frequency of 13C is 100.55 MHz. Samples

were heated in a bench furnace (Thermal Scientific

Inc.) at seven different temperatures: 270, 320, 340,

350, 360, 380, and 400 �C, under nitrogen atmo-

sphere. The flow rate of a nitrogen stream was 45 mL/

min and the heating rate was 15 �C/min. The heated

sample was ground in the same way used in the TG

experiment and filled into a 4 mm ceramic MAS rotor.

The sample was spun at a speed of 10 kHz at room

temperature. The 13C CP/MAS spectra were acquired

with 1H 90� pulse of 5 ls, a ramped H–H matched

contact pulse of 1.5 ms, and a recycle delay of 4 s.

Each free induction decay was acquired for 0.029 s,

taking 2,048 data points.

ATR-FTIR

The ATR-FTIR spectra were measured using a Bruker

Alpha FT-IR spectrometer. A diamond crystal plate

was employed as a reflector. A resolution of 4 cm-1

and 32 scans were used. The IR-mapping was

performed using a Bruker LUMOS FT-IR microscope.

The integration of 1,714 cm-1 band was obtained at

49 spots of the sample (4 9 4 mm) using the ATR-

mode with the automatic knife-edge aperture set to

120 9 120 lm. An acquisition time per measurement

point was 20 s, and a spectral resolution was 4 cm-1.

Results and discussion

Inorganic components of cotton

Non-cellulosic components of cotton fiber, such as

proteins, amino acids, wax, pectin, and ash, are located

in the cuticle, primary cell wall, and lumen (Wakelyn

et al. 2006). Among these components, the amount of

ash, including inorganic salts and salts of organic acid,

present in a typical mature cotton fiber is 1.2 % based

Table 1 Kinetic methods for the determination of Ea for the

thermal decomposition of cotton fabrics

Method Equation Plot

Kissinger ln(b/Tp
2) = ln(AR/Ea) - Ea/RTp ln(b/Tp

2)

versus

1/Tp

Flynn–Wall–

Ozawa

logb = log [AEa/Rg(a)] -

2.315 - 0.4567Ea/RT

logb
versus

1/T

Modified

Coats–

Redfern

ln[b/T2(1 - 2RT/Ea)] = ln[-

AR/Ea ln(1 - a)] - Ea/RT

ln(b/T2)

versus

1/T
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on the dry weight of the fiber (McCall and Jurgens

1951). Generally, the amount of metals varies by fiber

maturity, variety of cotton, and environmental condi-

tions, and most of them can be removed by scouring

(Wakelyn et al. 2006). Table 2 shows the results of the

elemental analysis on cotton NW fabrics before and

after scouring using quadrupole inductively coupled

plasma mass spectrometry. Raw cotton contains

noticeable amounts of K, Ca, Mg, and P. K is the

most abundant metal in the cotton fiber. K, Mg, P, and

Ca were mostly removed by scouring. Appreciable

reductions in the amounts of Mn and Fe were also

observed after scouring.

TG/DTG

The TG and DTG thermograms of raw and scoured W

fabrics taken under nitrogen environment at a heating

rate of 10 �C/min are presented in Fig. 1. Both fabrics

show three stages of weight loss. The loss of water

occurs near 100 �C, followed by the decomposition of

cellulose with a high rate of weight loss. After the

completion of the cellulose decomposition at

* 400 �C, the decomposition of char proceeds with

a much lower rate of weight loss until near 1,000 �C.

The second stage was characterized by determining an

onset temperature (To), an end decomposition temper-

ature (Te), and a maximum decomposition rate tem-

perature (Tm). These values and corresponding weight

losses are presented in Table 3 along with char yields

measured at 600 �C. The To of raw W fabric was

found to be about 73 �C lower than the value of

scoured W fabric. This difference could be ascribable

to the decomposition of low-molecular-weight non-

cellulosic components at low temperatures. However,

the weight loss at the To (WLo) observed in this study is

too large to consider the loss of non-cellulosic

materials. Julien et al. (1991), who observed a similar

difference in To between untreated and acid-washed

(ash-free) cellulose samples during vacuum pyrolysis,

attributed to the thermal stability of glycosidic units

enhanced by the metal ions. Concurrently, Williams

and Horne (1994) also observed a marked decrease in

the temperature of the initial weight loss by the

addition of metal salts to the cellulose sample. In Tm,

WLm, Te, and WLe, there was no significant difference

between raw and scoured W fabrics. However, it is

noticed that scouring changed the shape of the DTG

curves. Compared with raw W fabric, the DTG curve

of scoured W fabric was deep and sharp, reflecting the

occurrence of rapid and drastic thermal reactions. The

char amount of raw W fabric was almost five times

greater than that of scoured W fabric. As can be seen in

Fig. 1, this difference was maintained up to 900 �C.

The TG characteristic values of W fabric are consis-

tent with those of NW fabric (Table 3).

Ea for thermal decomposition

To investigate the effect of the inorganics on the

kinetics of the cellulose decomposition, the activation

energy (Ea) was calculated from the dynamic TG data,

which were obtained using four different heating rates.

The Ea values of W and NW fabrics were found to be

very close, so their average value was reported. By the

Kissinger method, the Ea was determined from the

Table 2 Elemental analysis of the selected elements of raw

and scoured cotton NW fabrics by quadrupole inductively

coupled plasma mass spectrometry

Element Raw NW

(lg/g)

Scoured NW

(lg/g)

Reduction by

scouring (%)

K 4,310 21 100

Ca 473 93 80

Mg 470 26 94

P 209 16 92

Si 30 33 –

Fe 28 14 50

Mn 6.88 0.62 91

Cu 1.30 0.79 39
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Fig. 1 Typical TG and DTG thermograms of raw and scoured

cotton woven fabrics measured under nitrogen at a heating rate

of 10 �C/min
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slope of a linear plot of ln(b/Tp
2) against 1/Tp (Table 1).

The calculated Ea values are 170.1 ± 4.3 kJ/mol for

raw cotton fabrics and 182.5 ± 6.4 kJ/mol for scoured

fabrics. This result is consistent with the decreases in

Ea observed when various metal salts were incorpo-

rated into cellulosic materials (Tang and Neil 1964;

Williams and Horne 1994). The Kissinger method

produces a single Ea based on Tm. The variation of Ea

in the course of the cellulose decomposition was

further examined using two isoconversional methods,

the Flynn–Wall–Ozawa (F–W–O) method and the

modified Coats–Redfern (C–R) method. The isocon-

version plots of log b versus 1/T by the F–W–O

method and of ln(b/T2) versus 1/T by the modified C–

R method are presented in Fig. 2a, b, respectively. All

samples exhibited straight lines (r [ 0.99) in the entire

conversion level studied (a = 0.1–0.9). The average

Ea values for W and NW fabrics are plotted as a

function of conversion level in Fig. 3. The Ea values

calculated from the two isoconversional methods are

in excellent agreement. The Ea of raw cotton fabrics

slightly increases with increasing conversion level and

becomes constant above 0.5, whereas the Ea of

scoured fabrics remains constant over the entire

conversion level. The constant behavior of Ea for

cellulose materials has been observed elsewhere

(Cabrales and Abidi 2010). Considering that the

cellulose thermal decomposition is a multistep process

involving competitive reactions (Kilzer and Broido

1965; Shafizadeh 1985), the constant tendency of Ea

indicates that the measured Ea is governed by the

slowest step (Vyazovkin et al. 2007). Agreeing with

the result by the Kissinger method, the overall Ea of

raw cotton fabrics was smaller than that of scoured

fabrics. The difference in Ea between these two sets of

fabrics was greater at low conversion levels. Such

catalytic action of inorganics on the thermal reactions

of cellulose has also been observed for other ligno-

cellulosic materials (rice straw and rice hulls), whose

apparent activation energies increased in the absence

of inorganic salts (Nassar 1999; Teng and Wei 1998).

Table 3 Thermal decomposition characteristic values for raw and scoured cotton fabrics measured under nitrogen at a heating rate

of 10 �C/min

To (�C) WLo (%) Tm (�C) WLp (%) Te (�C) WLe (%) Char (%)b

Raw W 223.2 (1.5)a 7.4 (0.1) 347.4 (0.2) 56.7 (0.4) 368.7 (0.2) 74.6 (0.1) 17.6 (0.5)

Scoured W 296.5 (2.3) 4.9 (1.1) 347.5 (1.5) 49.1 (0.5) 374.4 (1.3) 91.9 (0.2) 3.7 (0.6)

Raw NW 228.7 (3.1) 6.7 (0.1) 350.3 (1.6) 54.0 (1.2) 373.4 (0.8) 74.0 (1.5) 15.7 (1.1)

Scoured NW 290.8 (2.0) 6.2 (1.0) 347.8 (1.9) 53.6 (1.3) 370.1 (0.5) 90.3 (2.0) 3.0 (0.8)

T temperature, WL weight loss, o onset decomposition, m maximum decomposition rate, e end decomposition
a Standard deviation of three measurements
b Char yield measured at 600 �C
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Fig. 2 Typical isoconversion plots: a logb versus 1/T by the

Flynn–Wall–Ozawa method for raw cotton W fabric and b ln(b/

Tp
2) versus 1/Tp by the modified Coats–Redfern method for

scoured cotton NW fabric
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MCC

The quantitative results from TG/DTG analyses

provided a comparison of the thermal decomposition

processes of raw and scoured cotton fabrics, but they

may not predict the flammability. MCC, which

simulates combustion by pyrolyzing a sample at a

constant heating rate and subsequently conducting a

complete oxidation of the gases released from the

pyrolyzer, provides heat release related parameters

that are important in determining the hazard in a fire.

Several studies have demonstrated that the MCC

parameters have a good correlation with conventional

flammability test values (Lyon et al. 2007; Yang et al.

2009; Yang and He 2012). Typical plots of specific

heat release rate versus temperature for raw and

scoured cotton NW fabrics are presented in Fig. 4. The

HRR plot of cotton cellulose is characterized as one

single peak. Raw cotton fabric starts to decompose and

release gases at a lower temperature than scoured

fabric; the onset temperatures for raw and scoured

cotton fabrics are 293 and 313 �C, respectively. The

heat release of raw cotton fabric ends at about 12 �C

lower than that of scoured fabric (393 �C). The

maximum rate in heat release (TPHRR) for raw cotton

is 349 �C, which is same as its Tm measured in the TG

analysis, whereas the TPHRR value of scoured cotton is

355 �C, which is greater than its Tm (348 �C). This

shift of TPHRR to a higher temperature for scoured

cotton suggests that the low heating rate (1 �C/min)

used in the pyrolysis stage of MCC may allow scoured

cotton cellulose to recrystallize and thus require a

higher temperature to reach the maximum rate in heat

release. The increased crystalline cellulose for scoured

cotton was also detected in the 13C CP/MAS NMR

spectra of scoured cotton later.

The average values of MCC data for raw and

scoured W and NW fabrics, including heat release

capacity (HRC), peak heat release rate (PHRR),

temperature at PHRR (TPHRR), total heat release

(THR), and char yield, are presented in Table 4.

These parameters are good indicators of the flamma-

bility of materials (Walters and Lyon 2003). The

PHRR and THR of raw cotton fabric are 147 W/g and

8.1 kJ/g, equivalent to 56 and 64 % of the PHRR and

THR of scoured fabric, respectively. The reduction in

PHRR and THR implies that, in the presence of

inorganics, fewer amounts of combustible products

were generated during combustion. Hu et al. (2011)

reported the decrease of flammable decomposition

products, such as carbonyl compounds, hydrocarbons,

and methanol, in association with a lower value of

PHRR obtained by the organic–inorganic hybrid

coating on cotton fabric. The char yield of raw cotton

fabric was measured to be three times greater than that

of scoured fabric. The formed char insulates the

substrate underneath to prevent the release of heat,

oxygen, and combustible gases. The MCC results

clearly show that very low concentrations of inorganic

components significantly improve the thermal stabil-

ity of cotton cellulose.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0

50

100

150

200

250

300

Raw: 170.1 ± 4.3 kJ/mol

Scoured: 182.5 ± 6.4 kJ/mol

 Raw/F-W-O
 Raw/C-R 
 Scoured/F-W-O 
 Scoured/C-R 

E
a

(k
J/

m
o

l)

Conversion (α)

Kissinger method

Fig. 3 Variation of average Ea for W and NW fabrics on

conversion (a) by the Flynn–Wall–Ozawa and the modified

Coats–Redfern methods

100 200 300 400 500 600 700
0

50

100

150

200

250

300

 Raw NW
 Scoured NW

S
p

ec
if

ic
 h

ea
t 

re
le

as
e 

ra
te

 (W
/g

)

Temperature (°C)

Fig. 4 Typical plots of specific heat release rate versus

temperature for raw and scoured cotton NW fabrics

Cellulose (2014) 21:791–802 797

123



Chemical changes of pyrolyzed cotton

The kinetic data along with TG and MCC results

showed that natural inorganics catalytically acted to

lower the onset temperature of cellulose decomposi-

tion and promote char-forming reactions; however,

kinetic models currently available have some limita-

tions in elucidating heterogeneous thermal reactions

of solid materials, and thus it is necessary to analyze

changes in the chemical composition and/or structure

of the material upon decomposition using other

analytical techniques (White et al. 2011). In this

study, cotton was examined at elevated temperatures

using 13C CP/MAS NMR and ATR-FTIR. 13C CP/

MAS NMR is a technique well-suited to characterize

chemical changes occurring in highly insoluble mate-

rial systems such as pyrolyzed cellulosic samples

(David et al. 2009). 13C CP/MAS NMR spectra of

scoured and raw cotton NW fabrics heated under

nitrogen environment at elevated temperatures are

shown in Fig. 5a, b, respectively. The spectrum of

cotton has four distinct resonances representing the

carbons within the monomeric glycosidic ring unit (C-

1; C-4; C-2, 3, 5; and C-6) in the chemical shift ranges

of 102–108, 80–92, 67–80, and 57–67 ppm, respec-

tively (Atalla and Vanderhart 1984, 1999). For

scoured cotton, the glycosidic carbon peaks primarily

remained intact until 360 �C and suddenly disap-

peared at 380 �C. This rapid decomposition behavior

of scoured cotton agrees well with the TG/DTG result.

A careful observation shows that the spectrum of

scoured cotton heated at 270 �C has slight changes in

chemical shift and significant modification to reso-

nance line-shapes, specifically becoming sharper and

resembling overlapping multiplets rather than broad

Gaussian shapes. These alterations suggest a narrow-

ing in the distribution of magnetically non-equivalent

carbons (i.e., carbons which are chemically equivalent

but have different chemical shifts because the confor-

mation of surrounding nuclei cause those carbons to

become magnetically non-equivalent; for example, the

chemical shift of the C-1 in cellulose I and II is

different) and may indicate a reduction in the propor-

tion of amorphous and/or para-crystalline cellulose

between 270 and 360 �C. At 350 �C, the aliphatic and

aromatic peaks centered at around 35 and 130 ppm,

respectively, start to develop, but only aromatic

carbon peaks remain at 380 �C, indicating that most

decomposed products of scoured cotton converted into

aromatic compounds containing C–H, C–R, and C–

OR bonds.

In contrast with scoured cotton, raw cotton exhibits

more gradual changes in the chemical structure as a

function of temperature. The magnified spectrum of

raw cotton heated at 270 �C shows the appearance of

new broad resonances centered near 132 and 154 ppm

for carbon–carbon double bonds, 175 ppm for acid

and/or ester carbons, and 212 ppm for aldehyde and/or

ketone carbons, which were not observed for scoured

cotton. These peaks diminish on further heating to

340 �C. Verification that both the peaks at 175 and

*200 ppm were not due to spinning side bands

(which would appear at 170 ppm if spun at 10 kHz)

was accomplished via re-acquisition at a different

spinning rate (data not shown).

The chemical change in raw cotton occurred at low

temperatures was further evidenced by ATR-FTIR

spectra in Fig. 6a. The absorptions at 1,690–1,725 and

1,612–1,562 cm-1 corresponding to carbonyl groups

and carbon–carbon double bonds, respectively, appear

for raw cotton at 270 �C but do not appear for scoured

cotton at the same temperature. This comparison

suggests that raw cotton underwent the dominant

dehydration of anhydroglucose unit, which leads to the

formation of carbonyl derivatives through the rear-

rangement of a resulting enol (Kato and Takahashi

1967; Shafizadeh and Bradbury 1979). Some of

dehydration products include levoglucosenone, furan

derivatives, and pyran derivatives (Pouwels et al.

1989). The formation of hydroxyacetaldehyde is also

Table 4 Average values of microscale combustion calorimetry data for raw and scoured cotton W and NW fabrics (Standard

deviation in parenthesis)

Sample HRC (J/g K) PHRR (W/g) TPHRR (�C) THR (kJ/g) Char yield (%)

Raw cotton 146.3 (15.6) 147.1 (9.9) 348.5 (1.4) 8.1 (0.5) 20.1 (1.6)

Scoured cotton 268.5 (12.0) 264.0 (9.9) 354.5 (0.7) 12.7 (0.4) 6.4 (1.5)
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facilitated in the presence of K and Ca (Julien et al.

1991). Figure 6b shows the 3D map of carbonyl group

on the raw fabric (4 9 4 mm).

The aliphatic and aromatic carbon peaks of char for

raw cotton are observable at a temperature (320 �C)

lower than that for scoured cotton (350 �C). As the

temperature increases, the aromatic and aliphatic

carbon peaks are intensified, whereas the peaks of

glycosidic carbons gradually diminish resulting from

decomposition and depolymerization of cellulose.
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Like scoured cotton, the glycosidic carbon peaks of

raw cotton completely disappear at 380 �C. The

aromatic carbon peaks for raw cotton show a slight

change in chemical shift upfield with increasing the

temperature, suggesting that char continues to lose

oxygen from aromatic C–O bonds. This may occur as

well for scoured cotton char but is not evident from the

acquired spectral results. It is noticeable that, unlike

scoured cotton, the aliphatic carbon peak remains at

400 �C for raw cotton. The different composition of

char observed for raw cotton cellulose containing

abundant K is in agreement with another study (Soares

et al. 1998). They showed that the presence of K ions,

added as carboxylate salts onto pure cellulose,

promoted the formation of aliphatic char. The inten-

sity of the aliphatic carbon peak decreases with

increasing the temperature from 380 to 400 �C

because of the pyrolysis of aliphatic chars into

condensed polycyclic aromatic char. The presence of

inorganic components not only affected the kinetics of

the cellulose decomposition, but also changed the

composition of the intermediate chars.

Discussion

It has been proposed that during the thermal decom-

position, cellulose undergoes two competitive path-

ways, dehydration and depolymerization (Antal et al.

1980; Bradbury et al. 1979; Radlein et al. 1991). TG/

DTG experiments on raw cotton fabrics before and

after scouring showed that inorganic impurities, most

of which were removed during the scouring procedure

(Table 2), influence this cellulose thermal decompo-

sition process [there are other noncellulosic compo-

nents, but these low-molecular-weight organic
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substances decompose at lower temperatures than

cellulose (Abidi et al. 2007)]. Since very small

concentrations of the metals (B4,300 lg/g) exerted

such a dramatic effect, their function is considered to

be catalytic. It is likely that inorganic salts are

involved in the thermal reactions of cellulose occur-

ring at low temperatures, as indicated by the shift of

the initial decomposition temperature of cellulose to a

lower temperature (Figs. 1, 5) and the reduced acti-

vation energy for cellulose thermal decomposition

particularly at low conversion levels (Fig. 3). Depo-

lymerization mostly contributes to cellulose decom-

position at high temperatures due to its higher

activation energy (Basch and Lewin 1973), whereas

the dehydration of cellulose occurs at low tempera-

tures and contributes to the charring of cellulose. 13C

CP/MAS NMR and ATR-FTIR analyses suggested

dominant dehydration of anhydroglucose of raw

cotton at low temperatures as compared with scoured

cotton. Consistently, raw cotton produced a char

amount five times greater than scoured cotton. We also

observed that the production of aliphatic intermediate

char was promoted in the presence of inorganic salts. It

has been reported that various individual metals, when

artificially introduced to demineralized cellulosic

materials, exhibited different effects on cellulose

thermal decomposition (Mayer et al. 2012; Richards

and Zheng 1991; Soares et al. 1998). The effects of K,

Ca, and Mg, which are abundant in cotton, on char

yield and the chemical composition of char are in

agreement with our results. There have been attempts

to explain the roles of metal ions or metal salts in the

pyrolysis of cellulose, but the proposed mechanisms

are controversial (Piskorz et al. 1989; Richards 1987;

Shafizadeh 1968). The results of this study support

the mechanism that inorganic salts (K, Ca, and Mg)

catalyze the dehydration pathway at low tempera-

tures and allow for moderately slow-rate thermal

decomposition (see DTG thermogram shapes in

Fig. 1). As a result, the thermal stability of raw

cotton was found to be greater than that of scoured

cotton as shown by MCC data (Table 4). Thus,

unscoured raw cotton carries natural inorganic com-

ponents which may prove beneficial, if not entirely

enabling, in applications requiring heat and fire

resistant characteristics.
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