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Effect of cellulose, hemicellulose and lignin contents on pyrolysis and

combustion of natural fibers

G. Dorez, L. Ferry*, R. Sonnier, A. Taguet, J.-M. Lopez-Cuesta

Centre des Matériaux C2MA, Ecole des Mines d’Alés, 6 Avenue de Claviéres, F-30319 Ales Cedex, France

ABSTRACT

This paper investigates the effects of cellulose, hemicellulose and lignin on the pyrolysis and combustion
of several natural fibers (cotton linter, flax, hemp, sugar cane, bamboo and coir). Different parameters
have been selected to study the relations between chemical composition, pyrolysis and combustion: char
yield (Res), effective heat of combustion (EHC), activation energy of combustion (Ea) and CO/CO, ratio
during cone calorimeter test. A correlation was found between these parameters and the lignin content
in a large range of composition. The natural fibers with high content of lignin exhibit high char yield, high
EHC, high Ea and low CO/CO; ratio. However, a particular behavior was observed at low lignin/cellulose
ratio. The presence of a low content of lignin with a high content of cellulose affects the degradation
pathway of the latter and leads to charring and to incomplete combustion of these fibers, limiting their

contribution to the heat evolved during burning.
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1. Introduction

Natural fibers/polymer biocomposites are emerging as a viable
alternative to traditional glass reinforced composites. Many natural
fibers are now available as reinforcement for polymers (flax, hemp,
jute, coir, kenaf, sisal, abaca,...) [1,2]. It is generally recognized
that these fibers exhibit some benefits compared to glass fibers:
low density, good specific mechanical properties, non-abrasive
properties, low acoustic and thermal conductivity, biosourcing and
biodegradable. Conversely, their wide use in industrial applications
remains limited by some drawbacks that must be overcome: vari-
ability of the dimensional and structural properties (e.g. the density,
the diameter, the length, the cellulose rate,...), water sensitivity,
poor compatibility with polymer matrix, low thermal sensitivity
and high flammability [2-4]. In some sectors such as building, pub-
lic transportation, electrical equipments, reaction to fire is a key
specification. Therefore, the use of biocomposites in those sectors
requires that their flame retardancy is improved. As organic com-
pound and significant component of biocomposites, natural fibers
are an important source of fuels during a fire. Moreover, natu-
ral fibers can be used as char, promoting a barrier effect [4-6].
Hence, the pyrolysis and the combustion of natural fibers must be
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accurately investigated to better understand their contribution to
a fire scenario.

The pyrolysis of lignocellulosic biomass has been the subject of
many papers in the literature [7-10]. The general topic of these
papers is the thermochemical conversion of biomass to generate
heat. This subject differs to some extent from the thermal behavior
of the biomass during an accidental fire in so far as decomposition
occurs generally in well controlled conditions (temperature and
atmosphere). However some useful information can be extracted
from this literature to apprehend the burning behavior of natural
fibers. Thermogravimetric analysis (classical or modulated) is the
main technique used in these studies. In some cases, TGA is cou-
pled with FTIR analysis. Several papers investigated the pyrolysis
mechanisms of the three main components of biomass (cellulose,
hemicellulose and lignin) [11-13]. The pyrolysis of hemicellulose
and cellulose occurs quickly with a weight loss from 220 to 315°C
for hemicellulose and from 315 to 400°C for cellulose. Lignin
decomposes over awider range of temperature (from 160 to 900 °C)
and generates a high char yield [13]. Some of these studies con-
cluded that the pyrolysis of any biomass is the superposition of the
three main components decomposition [13-16]. However, contra-
dictory results were also mentioned. Pasangulapati et al. studied
the pyrolysis and gas evolution profiles of four biomass materials
with different composition in cellulose, hemicellulose and lignin
[11]. They observed that the three components have weight loss
profiles and activation energies very different. However, no sig-
nificant difference was observed on the same parameters for the
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Table 1

Chemical composition of the different natural fibers used in this work.

Fibers Cellulose (%) Hemicellulose (%) Lignin (%) Soluble (%) Ash (%) Morphology (length?)
Cellulose 100 0 0 0 0 Microfiber (pm)
Lignin 0 0 100 0 0 Powder (m)

Xylan 0 “100” 0 0 0 Powder (pm)

Cotton linter 89.7 (0.4) 1.0(0.3) 2.7(0.2) 6.3 (0) 0.3(0.1) Microfiber (cm)

Flax 80 (1) 13 (1) 2(1) 4(1) 1(1) Fiber (mm)

Hemp 74.1(0.5) 7.6 (0.3) 2.2(0.2) 15.8(0.4) 0.3(0.1) Long fiber (cm)

Sugar cane 51.8(0.4) 27.6(0.8) 10.7 (0.4) 9.1(0.9) 0.8 (0.1) Fiber (mm)

Bamboo 54.6 (0.6) 11.4(0.6) 21.7(0.3) 10.6 (0.1) 1.6 (0.1) Fiber (mm)

Coconut 51.3(1.1) 11.7 (0.7) 30.7 (0.4) 5.7(0.4) 0.6 (0.1) Long fiber (cm)

2 The length is an order of magnitude.

four biomass materials (switchgrass, wheat straw, redcedar, dried
distilled grains with solubles). However, some changes could be
noticed about the released gases. The lignin-rich biomass released
a larger amount of methane.

Many of the previously mentioned papers studied also com-
bustion of biomass by switching the purge gas from nitrogen to
air in TGA experiments [7-10,12]. The thermal degradation stud-
ied in these conditions corresponds actually to oxidative pyrolysis.
Cheng et al. compared the oxidative and non-oxidative pyrolysis of
awoody biomass with those of microcrystalline cellulose, Xylan and
lignin, extracted by organosolv process, using a modulated-TGA
[12]. The presence of oxygen leads to a second decomposition step
at high temperature which corresponds to char oxidation. For xylan,
no significant difference is observable. Lignin under air starts to
decompose at higher temperature and the mass residue at 600 °C is
negligible. Many data are available on decomposition temperature
and activation energy for oxidative and non-oxidative pyrolysis of
various biomasses [17].

If several papers are now available on the fire behavior of com-
posites containing natural fibers [5,18,19], the literature on the
combustion characteristics (time to ignition, heat release,...) of
natural fibers themselves in a fire scenario is almost non-existent.
One of the only papers on the subject was written by Kozlowski
et al. [4]. They investigated the flammability of natural fibers using
cone calorimeter. They observed that the lignin rich bast fibers (flax,
hemp) exhibit a lower heat release rate than leaf fibers (cabuya and
abaca). So a high content of cellulose could increase the flammabil-
ity of the fibers.

The objective of the present work is to determine some of the
main parameters of pyrolysis and combustion of natural fibers (cot-
ton linter, flax, hemp, sugar cane, bamboo, coir) involved in the
development of a fire. It will be attempted to relate these charac-
teristics to the fiber composition. For this purpose, cellulose, xylan
(main component representative of hemicellulose) and lignin will
be used as model for the main components of biomass. The con-
tribution to pyrolysis and combustion will be evaluated using the
four following parameters: the char yield (Res), the effective heat
of combustion (EHC), the activation energy of combustion and the
evolution of CO/CO, ratio during a cone calorimeter test.

2. Experimental
2.1. Materials

Cellulose (Arbocel BC100, from Rettenmeier & S6hne GMBH),
xylan extracted from beechwood (Sigma Aldrich), which is the
main component of hemicellulose [20] and an organosolv lignin
kindly supplied by the Centre de Mise en Forme des Matériaux
(CEMEF-Mines ParisTech at Sophia Antipolis, France) were used
as model components of lignocellulosic fibers. Cotton linter (from
Maeda Society), flax (Fibras-S6B, from FRD), hemp (from Chanvriére
de I’Aube), sugar cane (from Centro Universitario Fundacao Santo

André, Brazil), bamboo (grade 3, from Bamboo Fiber Technology)
and coir (from Centro Universitario Fundacao Santo André, Brazil)
were used as natural fibers. The chemical composition of the fibers
was determined by FRD® by solvent extraction (shown in Table 1).
The standard deviation is given into brackets.

2.2. Characterizations

2.2.1. Thermogravimetric analysis (TGA)

TGA was performed under nitrogen atmosphere with a Perkin
Elmer Pyris-1 Thermogravimetric Analyzer instrument. A 10 mg-
sample was dried at 95 °C during 10 min, to evaporate the moisture,
then the sample was heated from 95 to 900°C at 10°C/min. The
char yield at 600°C (Res), the peak of mass loss rate (pMLR) and
the temperature at pMLR (Tg4eg) were determined. The drying step
is not taken into account in the plotted curves. So the TGA curves
start at 95 °C corresponding to a 100% of weight. All experiments
were repeated three times. The temperature precision is £2 °C. The
dispersion of weight measurements on the same sample was found
to be approximately 5%.

2.2.2. Pyrolysis combustion flow calorimeter (PCFC)

PCFC tests were carried out using a Fire Testing Technology (FTT)
microcalorimeter. 2 (+1) mg-sample was heated under nitrogen
flow up to 750°C at a heating rate equal to 1°C/s. Pyrolysis gases
were extracted and sent to a combustion chamber in the presence
of N,/O, 80/20 flow. For each experiment, sample weight was cho-
sen carefully to ensure that O, is always in excess. Heat release rate
is calculated from the oxygen consumption according to Huggett’s
relation [21] (1 kg of consumed oxygen corresponds to 13.1 M] of
heat release). Each test was performed twice.

The peak of heat release rate (pHRR), the total heat release (THR),
and the effective heat of combustion (EHC) at 900 °C were deter-
mined (combustion is believed to be complete at 900 °C). EHC is
calculated as the ratio between THR and mass loss at 600 °C mea-
sured using TGA.

In supplementary experiments, temperature of combustion was
monitored between 600 and 900°C. Therefore, combustion effi-
ciency at a temperature T is calculated as follows [22]

THR(T)

X(T) = ThR©00 -0)

(1)

It should be reminded that pyrolysis conditions were never
changed (nitrogen flow). Only the combustion efficiency was
affected when the combustion temperature was modified.

All experiments were performed in triplicate. According to the
constructor, the accuracy of HRR values in PCFC is around 5%. The
dispersion of the results on the same sample was within this range
of variation.



Table 2
TGA parameters of the cellulose, xylan, lignin and of several natural fibers.

Components Res (%wt) Resm? (%wt) Tgeg (°C) PMLR (%/min)
Cellulose 9.5 - 371.8 -18.2

Xylan 30.0 - 244.0/292.8 -5.0/-5.6
Lignin 56.9 - 356.6 -21

Cotton linter 18.8 10.7 356.3 -11.7

Flax 22,5 13.6 369.0 -11.3

Hemp 29.1 10.9 341.5 -9.8

Sugar cane 16.1 20.1 363.6 -9.6
Bamboo 26.2 22.6 3554 -85
Coconut 29.5 26.5 3414 -6.6

2 Resy,: char yield calculated from the rule of mixtures and based on the residue (Res) of the cellulose, xylan and lignin.

2.2.3. Cone calorimeter test coupled with Fourier transformed
infrared spectrometer (cone-FTIR)

The cone calorimeter tests were carried out using a FIT appa-
ratus according to ISO 5660 standard. Two samples, compression
molded at 110 bars into 100 mm x 100 mm x 4 mm square sheets
were exposed to a radiant heat flux of 35 kW/m?2. All square sheets
are between 17 and 25 g to obtain a similar compacity for all fiber
beds. Indeed, the difference of compacity and the presence of oxy-
gen in the sample have a significant impact on the fire behavior
during the cone calorimeter test. The hemp has a different com-
pacity, due to the length of the fibers. Therefore its result is not
comparable to the others. The heat release rate (HRR) was mea-
sured as function of time, and time to ignition (TTI), total heat
release (THR), peak of heat release rate (pHRR) and effective heat of
combustion (EHC) were determined. A FTIR spectrometer Antaris
IGS from ThermoFisher Scientific was coupled to the cone calorime-
ter. The sampling point was located on the stack just before the
sampling point to oxygen analyzer. Filters were positioned to trap
soot particles. A two meters transfer line was heated at 160°C.
Temperature and pressure conditions in the gas cell were fixed at
165 °C and 650 Torr. The evolution of the gases concentration dur-
ing the fire test (especially CO and CO;) was measured using Omnic
software from ThermoFisher Scientific.

All experiments were repeated three times. It is commonly
agreed that the accuracy of HRR values in cone calorimeter is
around 15%. The dispersion of the results for the same sample was
within this range.

3. Results
3.1. Cellulose, xylan, lignin

The pyrolysis of the three main components of fibers (cellu-
lose, xylan and lignin) has been studied under nitrogen atmosphere
(Fig. 1 and Table 2). These materials exhibit great differences that
can be related to their chemical structure. Xylan starts to degrade
earlier and decomposes in the range 220-350°C in two stages. The
low thermal stability of xylan is assumed to be due to alower degree
of polymerization compared to cellulose and lignin [23]. Acetic acid
and furfural are the main degradation products of xylan. Random
repolymerization of the radicals produced during the main degra-
dation step leads to a significant char yield at high temperature
(30%wt at 600 °C - Table 2). Cellulose is the most stable compound
with a peak of mass loss rate around 370°C. It is generally recog-
nized that cellulose decomposes through a rapid depolymerization
process by cleavage of glycosyl units leading to the formation
of 1,6-anhydro-b-p-glucopyranose (levoglucosan) [12]. The char
yield is only 9.5 %wt at 600 °C (Table 2). The degradation of lignin
occurs over a wide range of temperature (200-500°C) in several
steps well described in the review of Brebu et al. [24]. In a first
step (230-260°C), low molecular weight products resulting from
the propanoid side chain cleavage are released. Then the main

degradation step (275-450°C) corresponds to the cleavage of the
main chain either by C—C and {3-scission or by aryl-ether cleavage.
At this point a large quantity of methane is evolved. Above 500°C,
further rearrangements and condensation of the aromatic structure
occur, leading to the formation of a significant char yield (57%wt at
600°C, Table 2) and the release of dihydrogen in the gas phase. The
pyrolysis of cellulose, xylan and lignin in this paper are consistent
with the literature [12,23].

HRR versus temperature curves in PCFC (Fig. 2) confirm the dif-
ferent decomposition steps observed for cellulose, xylan and lignin
by TGA measurements. Xylan starts to decompose first in two stages
decomposition (252 and 304°C). Then the lignin decomposes at
347 °C and finally the cellulose at 370°C. The cellulose is the most
exothermic component with a pHRR equal to 141 W/g (against 48
and 36 W/g for xylan and lignin, respectively) and a THR equal to
8.6 kJ/g (against 4.5k]/g for both xylan and lignin). Furthermore,
PCFCallows determining the effective heat of combustion EHCexp of
these compounds (Table 3). These results are compared to the the-
oretical effective heat of combustion (EHCe,) Whose calculation
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804 —A— lignin
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Fig. 1. Thermogravimetric analysis: (a) mass and (b) mass loss rate (MLR) versus
temperature curves of cellulose, xylan and lignin.



Table 3
PCFC parameters of cellulose, xylan, lignin and of several natural fibers.

Tdeg (°C) PHRR (W/g) THR (kJ/g) EHCexp (KJ/8) EHCneo * (KJ/8) EHCSr b (K/g) EHCn © (KJ/g)
Cellulose 370 141 8.6 9.8 15.5 13.5 nd
Xylan 252/304 35/48 4.5 6.4 12.7 3.24 nd
Lignin 350 36 4.5 104 24.9-29.3 11.8 nd
Cotton linter 356 145 9.1 115 nd nd 8.8
Flax 371 115 5.8 7.6 nd nd 8.6
Hemp 346 108 6.2 8.5 nd nd 7.7
Sugar cane 371 116 8.9 125 nd nd 7.8
Bamboo 365 104 8.7 11.8 nd nd 8.1
Coconut 350 87 7.3 10.2 nd nd 8.8

2 Theoretical effective heat of combustion based on the reaction described in Eq. (2).

b Theoretical effective heat of combustion considering the composition variation due to the char yield.
¢ Effective heat of combustion calculated from the rule of mixtures and the three EHC of the cellulose, xylan and lignin.

is based on Eq. (2). In the case of complete combustion, a chemi-
cal compound containing carbon, hydrogen and oxygen undergoes
oxidation that leads to CO, and H,O release according to Eq. (2)
[25,26]

0y — cCO;y + gHzo

(2)

h—-2m
CcHpOm + (c + )

4

According to Huggett's relation, the heat released by the com-

bustion is 13.1 k] per gram of consumed oxygen. Thus, theoretical
EHC (EHCgeo) of organic compounds can be calculated. Cellu-
lose with the chemical formula (CgH1005), exhibits a EHCy,e, Of
15.5Kk]/g (see details of calculation in supporting information).
Xylan is a complex polysaccharide whose chemical formula can
be approximated to (CsHgOs)n, hence its EHCyeo is 12.7K]/g.
Lignin is a complex highly branched aromatic polymer. The struc-
ture of lignin is based on three main repetition units, namely
p-coumaril (CgH1903), coniferyl (C;gH1203) and sinapyl (C11H1404)
units [24,27]. EHCpeo Of lignin can be estimated between 24.9 and
29.3KkJ/g depending on the repetition units. According to Table 3, it
is obvious that EHCexp values are much lower than the theoretical
ones. However, thermochemistry calculations (giving EHC,e,) do
not take into account the energy stored in the char. Hence these the-
oretical EHC can be recalculated by modifying the chemical formula
of the three compounds considering that char is composed only

of carbon (EHCf,?g’;) (see Appendix). According to this assumption,

EHC[C}TSJ of cellulose, xylan and lignin are 13.5, 3.24 and 11.8k]J/g
respectively. These calculated values are closer to the experimental
ones. Therefore, it can be concluded that the low values of EHCexp
are mainly due to the charring ability of the compound that enables
to store energy in the char.
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Fig. 2. PCFC curves of cellulose, xylan and lignin.

Another important parameter governing the heat release during
a fire is the combustion efficiency x (given in Eq. (1)). Combus-
tion efficiency can be studied by PCFC by measuring the total
heat release at different combustion temperatures. This method
was used successfully with various polymeric materials [22]. Fig. 3
shows the variation of the combustion efficiency for the three
model components of natural fibers. The combustion efficiency is
equal to 1 above a critical temperature and exhibits a decrease
below this temperature. It can be seen that complete combustion of
lignin is attained at higher temperatures and combustion efficiency
decreases more rapidly than that of xylan and cellulose.

To describe the combustion efficiency curves, a relation (Eq.
(3)) analogous to Avrami equation for crystallization kinetics was
proposed [22], A and n being adjustable parameters without any
physical sense

X(T) =1 —exp(-AT}) 3)
Rearranging Eq. (3) leads to the following equation:
In(—In(1 - x(T)))=InA+nlIn T¢ (4)

with x(T) is the combustion efficiency, T¢ is the combustion tem-
perature.

Thus, plotting In(—In(1 — x(T))) versus T¢ should be a straight
line with slope n and intercept InA.

Fig.4 and Table 4 show the variation of n versus In A for the three
basic compounds. Similarly to what we observed in the previous
study [22] with various polymers, a linear relation is obtained. In
the above-mentioned paper, we observed that aliphatic polymers
such as LDPE or EVA exhibit a low n value (around 8 for LDPE)
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Fig. 3. Evolution of combustion efficiency x of cellulose, xylan and lignin versus the

0,5
0,44
03
0,24
0,14

Xylan
Lignin

T
600

T T
650 700

T
750

T
800

T
850

Combustion temperature (°C)

combustion temperature using PCFC.

T
900



18]¢> PS-CH,

% PS, ABS, PS-OCH,
Lignin’ <>PS-P peak 2
Xylan/ PMMA, PA6, PA11, PS-P

/ -
Cellulose | <y LDPE PS-Ppeak

& EVA28

2 T T T T T T T T 1
-120 -110 -100 90 -8 -70 -60 -50 -40  -30
Ln A

Fig.4. n=f(InA) for the three model components (full symbols) and classically used
polymers (empty symbols).

contrary to the styrenic polymers, which exhibit high n values
(around 14 for the PS). The value of n for cellulose is compara-
ble to that obtained for LDPE while that of lignin, is around 12, and
is comparable to that of PS. These results seem to highlight that
n depends on the aliphatic or aromatic structure of the considered
polymer (Table 4). Xylan, which exhibits an aliphatic structure with
only some aromatic pendant groups, confirms this assertion with
an intermediate n parameter.

Lyon et al. [28,29] used a similar approach to that of Sonnier’s
one [22] (Eq. (3)) but replaced the phenomenological power law by
an Arrhenius law (Eq. (5))

Eq
x(T)=1-exp (—B‘L’ exp <_E>) (5)
Rearranging Eq. (5) leads to the following equation:
In(—In(1 - x(T)))=InB-7+ Ea_ (6)
RTc

Thus, plotting In(—In(1 — x(T))) versus T¢ gives a straight line
with slope Eq/R and intercept In(B-t).

In Lyon’s expression, 7, B and E, represent respectively the res-
idence time in the combustor, the global frequency factor and the
activation energy of oxidation reaction. PCFC data of cellulose, xylan
and lignin have been analyzed using Egs. (5) and (6). Activation
energy E, as well as pre-exponential factor Bt are listed in Table 4.
These results confirm that lignin exhibits the highest activation
energy for combustion reaction (165kJ/mol) whereas cellulose
exhibits the lowest Eq (92 kJ/mol). These values are somewhat con-
tradictory with those obtained from TGA by several authors in the
literature [27]. However, it is not sure that the two methods can be
compared. Indeed in TGA the degradation of cellulose occurs at low
temperature (<600 °C). However, as proved by Fig. 3, below 600 °C
the combustion efficiency is very low indicating that combustion is

Table 4
Combustion efficiency parameters for cellulose, xylan, lignin and several natural
fibers.

Samples InA n Eq (kJ/mol) 103Bt
Cellulose -52.6 8.2 92.6 256
Xylan -64.8 10.0 109.2 1,574
Lignin —-80.8 124 165.1 993,619
Cotton linter -354 5.0 61.8 3.7
Flax -59.9 9.3 97.2 393
Hemp —66.1 10.2 89.7 113
Sugar cane —66.1 103 109.5 2,484
Bamboo -57.2 8.9 1121 2,744
Coconut -70.6 11.0 119.7 9,338
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Fig. 5. HRR versus time and CO/CO, ratio obtained during the cone calorimeter test
of (a) cellulose and (b) lignin.

largely incomplete. Thus, the term “thermo-oxidative degradation”
would be more appropriate.

Cone calorimetry is probably the most frequently used tech-
nique to study the fire behavior of materials at bench-scale. It
enables highlighting specific physical phenomena affecting burn-
ing (e.g. barrier effect) that do not occur in small scale tests (TGA or
PCFC). HRR cone curves of cellulose and lignin, which have respec-
tively the lowest and the highest activation energy of combustion
and n parameter, are presented in Fig. 5. The completeness of com-
bustion was also assessed by the CO/CO,, ratio determined by FTIR
coupling. It can be noted that lignin exhibits a shorter time to
ignition (compared to cellulose, with the same compacity around
0.4-0.5 g/cm?3), that can be related to the low decomposition onset
as shown by TGA. Once ignited, lignin shows a low HRR as well as
a relatively high CO/CO, ratio. Cellulose exhibits a higher HRR that
reaches rapidly a value of 140 kW/m? and keeps almost constant
during several minutes before decreasing when depletion of fuels
occurs. CO/CO; ratiois very low during burning. It could be assumed
that these results are in good agreement with those obtained in
PCEC.

It should be underlined that char residues of both cellulose and
lignin undergo thermo-oxidation after flame out, leading to a per-
sistent heat release and a significant increase of CO/CO, ratio.

3.2. Natural fibers

The natural fibers are mainly composed of cellulose, hemicel-
lulose and lignin. This part investigates the relation between the
chemical composition of natural fibers, and their pyrolysis and
combustion.

The non-oxidative pyrolysis of natural fibers (Fig. 6) has been
widely studied in the literature. It occurs in four principal steps
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[6,14,30,18,31]. The first stage of decomposition in the temperature
range 50-150°C corresponds to the release of water absorbed by
the natural fibers. In this study, this stage is not seen because fibers
have been dried before testing. The second stage of degradation
around 250-370°C corresponds to the decomposition of hemicel-
lulose. Then the main stage of degradation between 340 and 370°C
corresponds to the degradation of the a-cellulose by depolymer-
ization. The last stage is the degradation of lignin, over a large range
of temperature (200-500°C).

From TGA measurements (Fig. 6 and Table 2) of lignocel-
lulosic fibers, the temperature of the main decomposition step
corresponding to cellulose decomposition is shifted to lower
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Fig. 7. Comparison of the experimental and calculated char yields from the rule of
mixture (Res and Resy,,, respectively).

(a)13- .-

Wl
124 o \5»// Sugar cane
11 A Ss Flax
104 Bamboo
9 Hem S~
8] m—><_Cellulose
c 74 A S <
6 ] So R ~ . .
5 ] ~ N \D\ \
4] Cotton linter ~-!
34
2 v T T T T T 1
-90 -80 -70 -60 -50 -40 -30
LnA
(b) Lignin—< . »
160+ L e ,/
140 L I
= 1204 7 g’ coir
E Xylan g = —Bamboo
2 Lt~
X 1004 Cellulose  _-< ugar cane
>~ 0
i JTaN .97\Flax
80 1 7 - " “Hemp
604 {E==Cotton linter
T T T T T T
1 10 100 1000 10000 100000 1000000
10°B.t

Fig.8. (a)n=f(InA)and (b) E, =f{10-3.B7) for the studied natural fibers and the three
model components.

temperature. This result indicates an interaction between cellulose
and lignin during decomposition. A decrease of the peak of mass
loss rate is also evidenced. Furthermore, lignin influences the char
yield. The theoretical char yields of natural fibers have been calcu-
lated from the amount of cellulose, xylan and lignin using the rule
of mixtures (Resmr given in Table 1). From Fig. 7, at lignin content
higher than 10 %wt low differences are observed. However a signif-
icant mismatch between theoretical and experimental char yields
can be remarked at low lignin content (<10 %wt). These results lead
to conclude that lignin influences the degradation pathway of cel-
lulose, especially at low content. Such interactions have already
been mentioned by Hosaya et al. [32]. However, these authors
claimed that lignin promotes depolymerization and reduces char
yield. In the above mentioned paper the ratio 2:1 (cellulose: lignin)
was used. In our case an opposite effect was observed, but at low
content of lignin (around 40:1 cellulose/lignin ratio) [32]. The pres-
ence of a low amount of lignin seems to change the cellulose
degradation pathway, promoting dehydration and further char for-
mation at the expense of depolymerization. It has been shown in
the literature that acidic catalysts are likely to enhance dehydra-
tion reaction and charring [33,34]. For example, Dobele et al. [33]
have shown that cellulose impregnated with phosphoric acid gives
dehydrated cyclic structures in the solid phase during pyrolysis.
Furthermore, the catalytic effect of acids on cellulose charring has
been largely used to improve the flame retardancy of cellulosic
fabrics [35]. Lignin is not an acid but it gives off acids as it dete-
riorates. Brebu et al. [24] mentioned that acetic acid is one of the
most important fragment released during lignin decomposition.
Syringic, p-coumaric and vanillic acids can also be evolved. These
acids are likely to be released from 200°C during lignin pyroly-
sis [36]. Therefore it may be assumed that, in lignocellulosic fibers,



lignin plays the role of acidic catalyst favoring cellulose dehydration
and charring.

EHCpyr calculated according to a linear rule of mixtures using
values for cellulose, xylan and lignin are reported in Table 3. Values
are similar for all natural fibers ranging from 7.7 to 8.8 kJ/g. Experi-
mental EHC are in the same order of magnitude but, slightly higher
(7.6-12.5K]/g). A hypothesis is that the experimental char yield of
natural fibers, obtained in TGA, is higher than the values calculated
from the rule of mixtures. So the composition of the experimental
char changes and could induce a modification of EHCexp.

The combustion efficiency of natural fibers versus combustion
temperature has also been determined using PCFC. The curves have
been fitted using the two previously described equations (Egs. (3)
and (5)). The fitting parameters are presented in Fig. 8. What-
ever the equation, the results are relatively similar. E, values for
natural fibers are comprised between 90 and 120 k]J/mol (except
cotton linter), i.e. between the lower and upper limits represented
respectively by cellulose and lignin. Two groups of fibers can be
distinguished: those containing a low content of lignin whose
activation energy is very close to that of the cellulose and those
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Table 5
Cone calorimeter results of studied natural fibers.

Natural fibers TTI(s) PHRR (kW/m?) THRror (KJ/g) EHC (KJ/g) Char (%) Res (TGA) (%)
Cotton linter 8 138 7.6 9.1 20.7 18.8
Flax 8 118 8.9 9.3 15.8 22.5
Hemp 6 135 - - - 29.1
Sugar cane 19 195 10.9 12.6 21.0 16.1
Bamboo 10 167 9.4 114 233 26.2
Coconut 6 146 9.0 129 23.6 29.5

2 Since the burning time of hemp was very short, these values were not considered.

containing a higher lignin content whose activation energy is in
the range of 110-120 kJ/mol (Fig. 8).

A good correlation between the activation energy and the lignin
content is observed (except for the cotton linter) confirming that
activation energy is governed by the composition of fibers and par-
ticularly the content of lignin (Fig. 9).

Cone calorimeter tests have been performed on sheets pre-
pared by compression molding for studied natural fibers (Fig. 10).
It should be noted that all fibers exhibit shorter time to ignition
compared to cellulose or lignin. This could be due to the presence
of xylan as pointed out by TGA and PCFC measurements. The shape
of HRR curves reveals that all natural fibers exhibit a thick char-
ring behavior according to the classification of Schartel and Hull
[37]. The second peak may be caused by a cracking of the char
or an increase in the effective pyrolysis due to the presence of
the glass wool supporting the sample which prevents from heat
transfer to the sample holder as the pyrolysis zone approaches it.
After ignition, two types of behavior can be distinguished. It can
be noted that hemp is not comparable to the other natural fibers
because the compacity of this sample is very different. A first set
of curves comprises fibers with high lignin content (sugar cane,
bamboo, coir, Fig. 10d-f). For this group, a peak of HRR is rapidly
reached, then HRR remains in the range 80-120kW/m?2 before
decreasing to 40 kW/m? at flame out. HRR keeps constant for sev-
eral minutes after extinction due to the thermal oxidation of char.
It can be noticed that during flaming the ratio CO/CO, is very low
which indicates a relatively complete combustion. Incidentally, the
effective heat of combustion is around 13Kk]/g (Table 5) in good
agreement with values obtained with PCFC at T¢ =900 °C (Table 3)
when combustion is believed to be complete. The second set of
curves comprises fibers with low lignin content (Flax, cotton lin-
ter, Fig. 10a and b). For this group, HRR exhibits a peak followed
by a quick decrease to very low value around 40 kW/m2. Flame out
occurs for longer time compared to the preceding group. During
flaming, a peak of CO release is observed indicating an incomplete
combustion. Consequently, the effective heat of combustion is rel-
atively lower (around 9 k]/g, Table 5). The CO/CO, ratio of cellulose
is very low comparing to that of lignin, but surprisingly this ratio is
high for the fibers with low content of lignin.

However, these results seem to be consistent with phenomena
evidenced by TGA. It could be assumed that the presence of a small
amount of lignin affects the degradation pathway of cellulose from
depolymerization to dehydration inducing a char yield higher than
expected. This charring effect and the incomplete combustion of
fibers which present a low content of lignin with a high content of
cellulose limit the contribution to heat and burning.

4. Conclusion

The aim of this study was to correlate the chemical composition
of natural fibers with their pyrolysis and combustion properties.
Four parameters have been selected: char yield, EHC, activation
energy of combustion and CO/CO5, ratio in cone calorimeter. It was
shown that these parameters were closely correlated to the lignin
content in the fibers. Hence, the char yield as well as the activation

energy of combustion was highlighted to increase with increasing
lignin content while CO/CO, ratio during flaming decreases. These
beneficial effects on fire performance were balanced by an increase
of EHC. No clear correlation was found between the selected param-
eters and the other components of fibers.

A particular interaction between cellulose and lignin was
evidenced for flax, hemp and cotton linter fibers. A significant mis-
match between experimental and theoretical values of char yield
was found at low lignin content. The presence of a low content
of lignin would impinge the cellulose degradation pathway, lead-
ing to the promotion of a char yield higher than expected. In cone
calorimeter tests, fibers with low lignin content exhibit an inter-
esting behavior with a low pHRR (that results from the low EHC
of cellulose) and a long burning time that results from the char
layer induced by the interaction between cellulose and lignin. To
conclude the low lignin content fibers (flax and hemp) are those
having the best fire behavior.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jaap.2014.03.017.
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