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Abstract Cellulose can be obtained from innumerable
sources such as cotton, trees, sugar cane bagasse, wood,
bacteria, and others. The bacterial cellulose (BC) produced
by the Gram-negative acetic-acid bacterium Acetobacter
xylinum has several unique properties. This BC is produced
as highly hydrated membranes free of lignin and hemicel-
luloses and has a higher molecular weight and higher crys-
tallinity. Here, the thermal behavior of BC, was compared
with those of microcrystalline (MMC) and vegetal cellulose
(VC). The kinetic parameters for the thermal decomposition
step of the celluloses were determined by the Capela-
Ribeiro non-linear isoconversional method. From data for
the TG curves in nitrogen atmosphere and at heating rates of
5, 10, and 20 °C/min, the E, and B, terms could be deter-
mined and consequently the pre-exponential factor A,

as well as the kinetic model g(o). The pyrolysis of cellu-

loses followed kinetic model g(«) = [—In(1 — oc)]l/l'63 on

average, characteristic for Avrami—Erofeev with only small
differences in activation energy. The fractional value of
n may be related to diffusion-controlled growth, or may
arise from the distributions of sizes or shapes of the reactant
particles.
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Introduction

Cellulose is the most abundant natural biopolymer on earth,
synthesized by plants and also by some species of bacteria.
The ‘‘not so green’” implications involved in cellulose
extraction from plants and trees can be overcome by using
bacterial cellulose (BC) [1-3].

The term “cellulose”, first used by Anselme Payen in
1938, refers to a linear homopolysaccharide with a struc-
ture constituted by units of -p-glucopyranose (f3-glucose)
joined by glycosidic-type f-(1 — 4), Fig. 1 [4, 5].

The linear polymer of cellulose is strongly associated
through hydrogen bonds that are responsible for the for-
mation of cellulose fibers. Cellulose molecules form
intramolecular hydrogen bonds between hydroxyl groups
of the same molecule and intermolecular bonds between
hydroxyl groups of adjacent chains. The former type of
interaction is responsible for the rigidity of the chain, and
the latter for the formation of vegetable fiber.

Several chains of cellulose are arranged to form cellu-
lose microfibrils, with regions that are disordered (amor-
phous regions) or highly ordered (crystalline regions).
Microfibrils have a diameter of 20-30 nm and lengths that
can reach several micrometers, depending on the source of
cellulose (from plants, enzymatic synthesis, chemical
synthesis, and some microorganisms) [6-9].

Gluconacetobacter xylinus bacteria produce cellulose
that is markedly different from plant cellulose. From the
culture medium, a pure-cellulose network free of lignin and
hemicellulose is obtained as highly hydrated pellicles,
composed of a random assembly of ribbon-shaped fibers
less than 100 nm wide, denominated “nanocelluloses” [8].
The resulting supramolecular structure of hydrated BC has
great mechanical strength and a large surface area formed
by porous structures, which are an attractive template for
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Fig. 1 Linear structure of cellulose. The dotted lines indicate the
possible hydrogen bonds

inorganic particle stabilization [10, 11]. BC is also being
used in the preparation of “green” polysaccharides com-
posites [12], thermoplastic biofibers [13], and different
types of synthetic polymers by a cross-linking reaction
with organic monomers [14].

The current commercially available forms of micro-
crystalline cellulose (MCC) are produced from a high
grade of pulps. This is hydrolyzed to “level-off degree of
polymerization” (LODP) of about 200-300 and has a
crystallinity of at least 78% as measured by X-ray dif-
fraction. Since cellulose obtained from different sources
differs in several properties (crystallinity, moisture, surface
and pore structure, and molecular weight), different ther-
mal behaviors are expected.

Thermal behavior

The degradation of cellulose in nitrogen has been analyzed
as a first-order model having an activation energy range
from 100 to 260 kJ/mol [15-18] and 100 to 160 when in air
[19, 20], zero order [21], and phase boundary model [22].

Recently, the isothermal and non-isothermal kinetics for
degradation of cellulose (CDH) were obtained through
model-fitting (Friedman and Coats-Redfern methods) and a
model-free model (Kissinger and Flynn—Wall-Ozawa
methods) [23]. The F-type mechanism was suggested for
degradation in helium atmosphere, and has an activation
energy in the range of 156.5-166.5 kJ/mol and In A of
20-23 min~".

For further evaluation of the properties of the bacterial
cellulose, its thermal behavior was compared with those of
microcrystalline and vegetal cellulose.

TG curves were obtained at several heating rates in
nitrogen atmosphere, in order to provide the kinetic
parameters by the Capela-Ribeiro iso-conversional non-
isothermal method.

Kinetic parameters—non-linear isoconversional
method

The kinetic parameters for the thermal decomposition step
of the compound were estimated by the Capela-Ribeiro

@ Springer

non-linear isoconversional method, using 4th-order rota-
tional approximation of the temperature integral [24]. For a
given conversion « and a set of n experiments carried out at
different heating rates f; (i = 1..... n), the parameters
activation energy, E, and the B term could be determined
from Eq. 1 for the least sum of squares for the plot of
heating rate f§ for each o as a function of z; = 10*/RT,

n

S(ExB)=Y_

i=1
g, Sxp(B—Ez) B2+ 14E22 +46E7;+24  \°
i zi E*Z+16E3% +72E%7} +96Ez;+24
(1)

B—ln (%(A)) @)

where A is the pre-exponential factor, R is the gas constant
and g(a) represents the reaction mechanism.

In order to estimate the reaction model g(a), an
expression based on both differential and integral forms of
the kinetic equation can be used:

F(a)g(e) = 103Edo p(lO3E)I<lO3E> 3)

ex
R dT RT RT

where I(103E/RT) is the integral of Arrhenius [24].

For each heating rate, the values on both sides of the
Eq. 3 depend only on «. Therefore, g(«) could be esti-
mated by comparing the values on the right side of the
Eq. 3 against « and the theoretical master plots of f{o)g(o)
against «, Fig. 2, assuming several kinetic models from
Table 1.

From the results of Eq. 3, the kinetic exponent n was
estimated from the least sum of squares:

fe)g(e)

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Conversion degree o

Fig. 2 Theoretical master plots of flo)g(o) against o for kinetic
models in Table 1
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Table 1 Most common expression for f{o) and g(«) functions

Symbol Reaction model g(a) = k(t — 1) = kt f(o) = (1/k)(da/dr)
R, Geometric models 1—(1- a)l/" n(1— a)lfl/n

n = 2: Contacting area

n = 3: Contracting volume
F, or RO(n) n Order 1 -
A, Avrami-Erofeev or IMAEK [~ In(1 — “)]1/" n(1 — o)[—In (1 — o)]'~1
D, Two-dimensional diffusion (1 —o)n(l — o)) + & 1

In(1 — o)

D Three-dimensional diffusion 1 =1 —a)lB? 31— oc)z/3

(Jander) 2[1—(1——06)1/3]
D, Three-dimensional diffusion 1-20—(1- a)2/3 31— oc)l/3

(Ginstling-Brounshtein)

2[1 (1 —oz)l/S]

Z @)t - “;Eij(l,gTE)l(lgTE)} @)

The pre-exponential values A could be estimated by
substituting the term B in Eq. 2:

InA =1Ing(x) + B — 1n(17?3>. (5)

Experimental

Bacterial cellulose membranes (BC) were supplied by
Fibrocel Produtos Biotecnoldgicos LTDA, Ibipora, Brazil.
Vegetal cellulose (VC) was obtained from mechanical and
chemical (pulping) processing of wood, and commercial
microcrystalline cellulose (MCC) from Avicell.

The degrees of polymerization (DP) obtained by tech-
nique of viscosity using an Ostwald viscometer according to
Brazilian technical standard NBR7730 were 2800, 1300, and
225 for BC, VC, and MCC, respectively [25]. The crystal-
linity indexes (Crl) calculated from the DRX patterns were
76,79, and 72% for BC, VC, and MCC, respectively [26].

Thermal behavior

Thermal degradation was followed using a TA 2960 SDT,
TA Instruments in the 40—450 °C temperature range in open
alumina reference and sample pans under dynamic nitrogen
atmosphere (flow rate: 100 mL min~'), at heating rates of
5, 10, and 20 °C min~"' and a sample mass around 3 mg.

Results and discussion

Figure 3 shows the TG curves for microcrystalline (MCC),
bacterial (BC), and vegetal cellulose (VC) under nitrogen

100 k-~
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Fig. 3 TG curves for bacterial, microcrystalline, and vegetal cellu-
lose in nitrogen atmosphere and heating rate of 10 °C/min

atmosphere and a heating rate of 10 °C/min. The first,
gradual event, involving 6.9, 5.5, and 2.3% mass loss for
MCC, BC, and VC, respectively, occurred from room
temperature up to 230 °C, and may be associated with loss
of the residual solvent. The second event, observed at
around 330 °C, is attributed to cellulose pyrolysis. A res-
idue of around 20% carbonaceous materials was observed.
The thermal stability for the celluloses followed the order
MCC (Topser = 323.5 °C) < VC (Topser = 328.6 °C) < BC
(Tonser = 338.7 °C). MCC had a lower thermal stability
than VC and BC, which was expected because of the
decrease in the degree of polymerization during the
hydrolysis of the MCC using diluted mineral acids [27].

Figure 4 shows the set of experimental curves o—T
obtained from the TG curves for BC at the heating rates of
5, 10, and 20 °C/min. The same behavior could be
observed for MCC and VC. The estimative of the param-
eters £ and B could be obtained from the least sum of
squares S(E, B), as defined in Eq. 1, for the plot of heating
rate f3;, for each o, against z;.
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Fig. 4 Conversion degree against temperature for thermal decompo-
sition of bacterial cellulose in nitrogen atmosphere

The estimated activation energy E, and B, depending on
the degree of conversion «, are show in Table 2 and Fig. 5.
The largest variation in the activation energy, at approxi-
mately 25% conversion, can be attributed to pyrolysis of
the amorphous region of the cellulose, which stabilizes
when the crystalline region begins to decompose. This
behavior is not observed for MCC, probably because the
acid treatment primarily affects the amorphous region.
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Fig. 5 Distribution of activation energy against conversion degree
obtained from Eq. 1 for microcrystalline, bacterial, and vegetal
cellulose

The lower activation energy observed for VC may be due
to the presence of impurities such as hemicelluloses and
lignin, which may vary from 2-4%.

Continuing from experimental curves o—7, the term
do/dT could be determined by numerical integration. Thus,
the do/dT data plus the activation energy from Table 2
could be substituted in the right side of Eq. 3 to obtain
the experimental f{x)g(a) for each heating rate against

Table 2 Parameters activation energy and B term obtained from evaluation of the TG data using Eq. 1 and the pre-exponential factor calculated

from Eq. 5
Conversion Microcrystalline Bacterial Vegetal
degree, o

E/kJ/mol B InA E/kJ/mol B InA E/kJ/mol B InA

1/min 1/min 1/min

0.05 186.8 42.17 33.95 176.5 39.36 31.11 153.3 34.95 26.71
0.1 186.9 41.81 34.31 180.7 39.64 32.12 155.4 34.86 27.34
0.15 186.2 414 34.34 184.1 39.99 32.89 160.2 35.54 28.46
0.2 185.2 41.02 34.27 185.6 40.07 33.29 163.9 36.07 29.3
0.25 184.3 40.7 34.21 186.3 40.05 33.52 166.2 36.37 29.86
0.3 183.7 40.43 34.15 186.3 39.9 33.58 167.6 36.5 30.2
0.35 183.2 40.23 34.14 185.8 39.68 33.55 168.7 36.6 30.49
0.4 182.9 40.06 34.14 185.3 39.48 33.52 169.4 36.62 30.68
0.45 182.7 39.91 34.15 184.8 39.28 33.48 169.5 36.54 30.76
0.5 182.4 39.77 34.16 184.3 39.1 33.45 169.5 36.44 30.81
0.55 182.1 39.61 34.14 184 38.96 33.45 169.2 36.31 30.82
0.6 181.7 39.45 34.11 183.6 38.79 33.42 169 36.18 30.83
0.65 181.4 39.31 34.11 183.1 38.62 33.38 168.7 36.04 30.82
0.7 181 39.14 34.08 183.1 38.54 33.44 168.5 3591 30.83
0.75 180.5 38.94 34.02 182.1 38.25 33.29 168.1 35.74 30.8
0.8 179.7 38.68 3391 181.7 38.08 33.27 167.7 3553 30.74
0.85 178.7 38.38 33.77 181.1 37.77 33.13 168 35.55 30.92
0.9 177.5 38.01 33.59 180.8 37.7 33.25 165.4 34.93 30.49
0.95 176.2 37.58 33.43 180.2 37.43 33.24 163.9 34.52 30.35
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0.8 Table 3 Kinetic exponent calculated from Eq. 4
07| Cellulose Heating rate/ Kinetic Adj.
H °C/min exponent R-Square
0.6 | n = SD
05| Microcrystalline 5 1.65 £ 0.02 0.9617
§ 0.4 _ 10 1.59 £ 0.02 0.95506
%’ L 20 1.57 £ 0.02 0.95518
= 03 Mean value 1.60 % 0.03
r 7z N .
02l a e microcrystalline cellulose N Bacterial 5 1.69 + 0.02 0.97268
L . . ® experimental (3= 5 °C/min) \\ 10 1.66 + 0.02 0.97648
0.1 4 O experimental (8 =10 °C/min)
rt, A experimental (8 = 20 °C/min) 20 1.63 4+ 0.02 0.97988
0.0 L I I I Mean value 1.66 £ 0.03
00 02 04 06 08 10 Vegetal 5 164 £005 089774
Conversion degree o 10 1.62 £ 004 092968
0.8 20 1.62 £ 0.03 0.94907
07 _ Mean value 1.63 +0.18
06|
05| ..
0 kinetic model follows g(a)=[—1In(1— oc)]l/n where
% 0.4 kL 1 < n < 2. The estimates for the kinetic exponent n, can be
E 0al obtained from Eq. 4 and are shown in Table 3.
- The mean values found for n were from 1.60 to 1.66,
0.2} 6 7 Bacterial cellulose \\\ showing that the pyrolysis for all celluloses follows the
| /s ® experimental (= 5 °C/min) same kinetic model, Avrami—Erofeev, with differences in
0.1} O experimental (8 =10 °C/min) K K
| ©7 A experimental (8 = 20 °C/min) activation energy. Now that n (Table 3), and, E and
0.0 ! ! ! ! B (Table 2) are known, the pre-exponential factor In A, can
0.0 0.2 0.4 0.6 0.8 1.0 .
. be calculated from Eq. 5, and the results are shown in
Conversion degree o
Table 2.
08 The value of n obtained from kinetic analysis of the data
07L can be interpreted in terms of the nucleation rate equation.
- The fractional value of n may be related to diffusion-con-
061 trolled growth, or may arise from distributions of sizes or
05L shapes of the reactant particles [28].
< I
§ 0.4}
= 03l Conclusions
o2l § 7 . vegetal cellulose .
é,’/ ® experimental (8= 5 °C/min) \ The pyrolysis of celluloses followed kinetic model g(«) =
01l A O experimental (8 =10 °C/min) 1/1 63 .. .
. & experimental (8 = 20 °C/min) [—In(1 — )]/ on average, characteristic for Avrami-
0.0 L L L L Erofeev with only small differences in activation energy.
0.0 0.2 0.4 0.6 0.8 1.0

Conversion degree o

Fig. 6 Theoretical and experimental master plots of f{o)g(x) against
o calculated from Eq. 3 for microcrystalline, bacterial, and vegetal
cellulose

o, Fig. 6, and then compared with the model from Fig. 2
and Table 1.

The Fig. 6 shows that the experimental values of
flo)g(a) are between the theoretical curves of the model F
and A,. Thus, it can be concluded that the function for the

The fractional value of n may be related to diffusion-con-
trolled growth, or may arise from the distributions of sizes
or shapes of the reactant particles. The largest variation in
the activation energy for approximately 25% conversion
was attributed to pyrolysis of the amorphous region of the
cellulose, which stabilizes when the crystalline region
begins to decompose. This behavior was not observed for
MCC, probably because the acid treatment affected the
amorphous region. The lower activation energy for VC was
attributed to the presence of impurities such as hemicel-
luloses and lignin.
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