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a  b  s  t  r  a  c  t

Cellulose  nanocrystals  (CNs)  were  extracted  from  different  sources  by  acid hydrolysis  using  H2SO4 and
HCl. The  thermal  decomposition  of  resulting  CNs  was  studied  by  thermogravimetric  analysis  (TGA). The
kinetic  parameters  were  determined  using  the  Flynn–Wall–Ozawa  (FWO)  and  Kissinger  methods.  CNs
were  also  characterized  by  X-ray  diffraction  (XRD),  Atomic  Force  Microscopy  (AFM),  elemental  analysis
(EA),  Zeta  Potential  (ZP)  and  degree  of  polymerization  (DP).  The  results  of  the  XRD  analysis  showed
ellulose nanocrystals
hermal decomposition
ecomposition kinetics
issinger
lynn–Wall–Ozawa

different  profiles,  making  it  possible  to differentiate  cellulose  I from  cellulose  II. The results  obtained  by
the  FWO  method  showed  that  cellulose  II CNs  had  an  increased  activation  energy  (Ea) with  conversion
(˛),  while  in  CNs  of cellulose  I the Ea remained  constant  or decreased  slightly.  This  difference  between  Ea

values  for  the  thermal  decomposition  of  CNs  was  mainly  attributed  to  different  crystalline  arrangements
of  cellulose  I and  cellulose  II,  and  to the  type  of  acid  employed.
. Introduction

There is a growing interest in developing novel polymer mate-
ials derived from renewable resources such as cellulose. In this
ontext, recent studies have shown that cellulose nanocrystals
CNs) could be used to prepare a wide range of composite materi-
ls with improved properties (Eichhorn et al., 2010; Siqueira et al.,
010). As a direct result, they have attracted immense interest
s a novel nanostructured material during recent years. CNs are
anoparticles of high crystallinity derived from cellulosic fibres.

Ns are very high-value materials, since they can change the per-

ormance of existing products as well as function as a raw material
sed to create new, unique and improved products. Their unique

∗ Corresponding author. Fax: +55 34 3239 4208.
E-mail addresses: pasquini@iqufu.ufu.br, danielpasquini2005@yahoo.com.br

D. Pasquini).
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926-6690/© 2015 Elsevier B.V. All rights reserved.
©  2015  Elsevier  B.V.  All  rights  reserved.

combination of amazing physicochemical properties and envi-
ronmental benefits allow CNs to offer a wide range of potential
applications.

At the present moment, the main application of CNs is as a rein-
forcing agent in the nanocomposite research field. Other research
fields with potential applications are packaging, paints, coatings,
special papers, cosmetics, pharmaceuticals, biomedical materials,
textiles, the automotive industry, aerospace, building materials,
and the electronics and electrical industry, among others. In addi-
tion, CNs come from renewable natural sources that are very
plentiful and inexpensive, and it is not necessary to synthesize
them. Their nanometric dimensions allow the production of com-
posite films with excellent visible light transmittance, and CNs can
be easily chemically modified since their molecular structure has

reactive side surface hydroxyl groups which facilitate the grafting
of chemical moieties in order to achieve different surface properties
(Samir et al., 2005; Li et al., 2009; Liu et al., 2010; Lahiji et al., 2010;
Moon et al., 2011; Peng et al., 2011; Flauzino Neto et al., 2013).

dx.doi.org/10.1016/j.indcrop.2015.06.048
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Currently, CNs are obtained by different methods, including
nzymatic hydrolysis, acid hydrolysis and hydrolysis assisted by
ltrasound, among others (Filson et al., 2009; Filson and Dawson-
ndoh, 2009). However, the most used method is acid hydrolysis.
uring the reaction, the more accessible amorphous regions are

apidly attacked in comparison with the crystalline regions that
emain intact after the process (Habibi et al., 2010). With regard
o extraction by acid hydrolysis, the temperature, reaction time,
ype of acid, concentration of acid and the acid-to-solid ratio are all
mportant parameters since they affect the morphology and physic-
chemical properties of CNs (Silva and D’Almeida, 2009; Habibi
t al., 2010; Peng et al., 2011; Teixeira et al., 2011). The aspect ratio
L/D) of the CNs is a crucial parameter that has a significant influ-
nce on the ability of the nanoparticles to enhance the properties
f a polymer matrix when they are incorporated into it. Therefore,
he conditions for acid hydrolysis must be carefully considered and
ontrolled in order to obtain a material with the desired morphol-
gy and properties (Roman and Winter, 2004; Martínez-Sanz et al.,
011).

Since thermoplastic processing temperatures often exceed
00 ◦C, the thermal stability of these nanocrystals is a key fac-
or determining their use as effective reinforcement materials
Roman and Winter, 2004). Jeong et al. (2010) obtained CNs from

icrocrystalline cellulose (MCC) by acid hydrolysis using sulphuric
nd hydrochloric acids as catalysts. They also studied the ther-
al  decomposition behavior of CNs and the activation energy (Ea)
as evaluated by Broido’s method. Roman and Winter (2004) pro-

uced CNs from bacterial cellulose by acid hydrolysis using sulfuric
cid as a catalyst under different hydrolysis conditions. They also
etermined the thermal decomposition behavior of CNs and Ea

as also evaluated by Broido’s method. The problem involved
ith determining Ea using the Broido’s method is that the calcu-

ation is made using a single thermogravimetric (TG) curve at a
pecific heating rate, which makes it susceptible to errors from
eproducibility of the TG curve. Therefore, a more precise method
s Flynn–Wall–Ozawa (FWO) generally produces better and more
eliable results because it uses various TG curves obtained at dif-
erent heating rates to determine Ea.

The aim of this study was to extract cellulose nanocrystals from
ifferent sources using two types of acid (H2SO4 and HCl) in order
o obtain CNs with different morphologies and properties. Then,

 study of the thermal decomposition of these different CNs was
arried out to assess their thermal decomposition properties. The
lynn–Wall–Ozawa (FWO) and Kissinger methods were employed
o determine the activation energy and pre-exponential factor for
hermal decomposition of the extracted CNs. These studies will pro-
ide enough data to evaluate critically the possibility of applying
Ns into polymer matrices in the preparation of nanocomposites,

or example. Furthermore, this study will also demonstrate which
Ns are most suitable for application in polymer processing requir-

ng high melting temperatures without degradation of the CNs.

. Experimental

.1. Materials

The raw materials used in this study were the cellulose from
urified mango seeds (PMS), bleached Kraft pulp (KP) from Euca-

yptus urograndis, and cellophane (CELL) obtained by the industrial
rocess. The mango seeds were supplied by Ebba. (Araguari,
inas Gerais, Brazil). The species used was Ubá mango (Mangifera
ndica L.). The eucalyptus Kraft pulp sheets were supplied by
he Suzano company (Limeira, São Paulo, Brazil) and the cello-
hane sheets were supplied by the Coopercel company (São Paulo,
razil). Sulphuric acid (98.0 wt.%), hydrochloric acid (37 wt.%),
nd Products 76 (2015) 128–140 129

sodium hydroxide, and potassium hydroxide were purchased from
Vetec (Brazil). Sodium chlorite (NaClO2, technical grade, 80%)
and cellulose membrane (cat. no. D9402) were purchased from
Sigma–Aldrich. Glacial acetic acid was purchased from Synth
(Brazil) and cupric ethylenediamine was purchased from Cromo-
line (Brazil).

2.2. Extraction of cellulose nanocrystals (CNs)

2.2.1. CNs from mango seeds (MS)
Initially, the mango seeds (MS) were ground in a mill and subse-

quently sifted to pass through an 18-mesh sieve. Then, the MS  were
treated four times with a 2% (w/w)  aqueous sodium hydroxide solu-
tion for 4 h at 100 ◦C under mechanical stirring. The alkali-treated
MS were filtered off and washed with an excess of distilled water
until the alkali was completely removed (pH 7). The alkali-treated
MS  were then dried at 40 ◦C for 24 h in an oven with forced air
circulation. After this treatment, the fibres were bleached with a
solution made up of equal parts (1:1/v:v) of a solution composed of
acetate buffer (27 g of NaOH and 75 mL  of glacial acetic acid, diluted
to 1 L in distilled water) and aqueous sodium chlorite (1.7 wt.%
NaClO2 in water). The bleaching treatment was performed twice
at 80 ◦C for 6 h. The bleached fibres were filtered off and washed
with an excess of distilled water until the wash water was pH 7,
and subsequently dried at 40 ◦C for 24 h in an oven with forced air
circulation (de Rodriguez et al., 2006). The fibre content through-
out these chemical treatments was  about 4–6 % (w/w). The resulting
material obtained after these treatments was  referred to as purified
mango seeds (PMS).

After the preparation and purification treatments, the PMS
was submitted to a nanocrystal extraction procedure through acid
hydrolysis. The extraction of CNs from PMS  was performed using
two types of acids, H2SO4 and HCl, respectively. The extraction
of CNs from PMS  with sulphuric acid was  performed at 40 ◦C for
10 min  using a solid-to-liquid ratio of 1:20 (w:v) with 11.12 mol  L−1

H2SO4 solution under vigorous and constant magnetic stirring. The
extraction of CNs from PMS  using hydrochloric acid was carried
out at 40 ◦C for 225 min  using a solid-to-liquid ratio of 1:20 (w:v)
with 11.97 mol  L−1 HCl solution. Immediately at the end of acid
hydrolysis, the suspension of CNs was  diluted ten-fold with cold
distilled water to stop the hydrolysis reaction and centrifuged for
10 min  at 7500 rpm on a refrigerated centrifuge (Model 5804R from
the Eppendorf company) to remove excess acid. The CNs from PMS
were then dialyzed against water using a cellulose membrane to
remove acid residues, inorganics and soluble sugars until pH 7 was
reached (∼4 days). Subsequently, the suspension of CNs from the
dialysis process was  sonicated for 10 min  and stored in a refriger-
ator at 4 ◦C prior to the analyses. Some drops of chloroform were
added to the CN suspension as an inhibitor to avert the growth of
microorganisms.

2.2.2. CNs from Kraft pulp (KP)
The extraction of CNs from Kraft pulp (KP) with H2SO4 was per-

formed at 45 ◦C for 50 min  using a solid-to-liquid ratio of 1:20 (w:v)
with 9.17 mol  L−1 H2SO4 solution. The extraction of CNs from KP
with HCl was  carried out at 45 ◦C for 75 min  using a solid-to-liquid
ratio of 1:25 (w:v) with 11.97 mol  L−1 HCl solution. At the end of
the hydrolysis the reaction was stopped and the suspension of CNs
extracted using H2SO4 or HCl was  purified using the procedure
described in Section 2.2.1.

2.2.3. CNs from cellophane (CELL)

The extraction of CNs from cellophane (CELL) with H2SO4 was

performed at 45 ◦C for 10 min  using a solid-to-liquid ratio of 1:25
(w:v) with 11.12 mol  L−1 H2SO4 solution. The extraction of CNs
from CELL with HCl was carried out at 45 ◦C for 30 min using a solid-
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o-liquid ratio of 1:25 (w:v) with 11.97 mol  L−1 HCl solution. At the
nd of the hydrolysis, the reaction was stopped and the suspen-
ion of CNs extracted using H2SO4 or HCl was purified using the
rocedure described in Section 2.2.1.

.3. Elemental analysis

Elemental analysis was performed on a CHNS-EA1110/O CE
nstruments elemental analyser in order to estimate the sulphur
ontent (SC) in the different CNs prepared after hydrolysis using
2SO4 or HCl.

.4. Zeta-potential (ZP)

Potential charges on the surface of the different CNs were
easured on a Malverne 3000 Zetasizer NanoZS (Malverne Instru-
ents, UK). The CNs suspensions (0.05 wt.%), previously sonicated

or 5 min, were prepared in deionized water and analyzed to deter-
ine the zeta-potential of the CNs suspensions.

.5. Degree of polymerization (DP)

The degree of polymerization (DP) of each CNs preparation was
alculated according to TAPPI T 230 OS-76 and SCAN – C 15:62
tandards. The degree of polymerization (DP) was  calculated from
he value of intrinsic viscosity [�] using the relationship (Eq. (1))
roposed by Inmergut, Shurtz and Mark (SCAN-C15: 62, 1962).

P0.905 = 0.75 [�] (1)

here the values of 0.905 and 0.75 are constants characteristic
f the polymer-solvent system and [�] is the intrinsic viscosity
mL  g−1).

The intrinsic viscosities [�] of the CNs were obtained by measur-
ng the flow of solvent and solutions in an Ostwald viscometer. The
olvent used was a mixture of a solution of bis(ethylenediamine)
opper(II) hydroxide and water. The intrinsic viscosities [�] were
etermined from Eq. (2).

�] =

√[
2nsp − ln(nrel)

]
C

(2)

here nrel is the relative viscosity given by the ratio of the flow
ime of the solution of CNs and the flow time of the solvent, nsp is
he specific viscosity given by (nrel − 1), and C is the concentration
f the solution of CNs in g mL−1.

.6. X-ray diffraction (XRD)

The X-ray diffractograms of the different CNs prepared were
btained on a Shimadzu LabX XRD-6000 diffractometer operating
t a voltage of 40 kV with a current of 30 mA  and Cu K� radiation
1.5406 Å) at 25 ◦C with 2� from 5 to 40◦ and a scan rate of 1◦ min−1.
ll samples of CNs were dried at 50 ◦C for 12 h in an oven with

orced air circulation prior to analysis. The crystallinity index (CrI)
f the CNs was determined by the Segal method (Segal et al., 1959)
cellulose I) or the Revol method (Revol et al., 1987) (cellulose II),
s shown in Eqs. (3) and (4), respectively.

rI =
(
I200 − Iam

I200

)
× 100 (3)

rI =
(
I110 − I15

I110

)
× 100 (4)
here I200 and I110 are the maximum intensities (in arbitrary units)
f the 200 and 110 lattice diffractions, respectively, and Iam and

15 are the intensities of diffractions in the same units at 2� = 18◦

nd 15◦, respectively. I200 and I110 represent both crystalline and
nd Products 76 (2015) 128–140

amorphous regions, while Iam and I15 represent only the amor-
phous portion. The Miller indexes employed in these equations are
in agreement with French (2014).

2.7. Atomic force microscopy (AFM)

AFM measurements were performed on a Shimadzu SPM-9600
to evaluate the morphology of the different CNs prepared. A drop
of a diluted aqueous CNs suspension (about 5 × 10−5 g mL−1) was
put on a freshly cleaved mica surface and air-dried. AFM images
were obtained at 25 ◦C in a dynamic mode with a scan rate of
1 Hz using Si tips with a curvature radius of less than 10 nm and
a spring constant of 42 N m−1. The dimensions of the CNs were
determined using VectorScan software (software for Shimadzu’s
SPM-9600). To eliminate the effect of tip radius on width measure-
ments, the heights of the CNs measured, which were not subject to
peak broadening artefacts, were assumed to be cylindrical in shape
(Beck-Candanedo et al., 2005). About a hundred CNs were ran-
domly selected to determine the average length, width and aspect
ratio. For each individual cellulose nanocrystal, one measurement
of length and two  measurements of diameter were performed to
calculate the aspect ratio.

2.8. Thermogravimetric analysis (TGA)

Samples of CNs ranging from 5 to 7 mg  previously dried in a
forced air oven at 50 ◦C for 4 h were weighed on an aluminium pan.
The thermogravimetric analysis was  carried out on a Shimadzu
DTG-60H Differential Thermal Gravimetric Analyser under nitro-
gen atmosphere at a flow rate of 30 mL  min−1 from 25 to 600 ◦C.
The analysis was  carried out at four different heating rates (5, 10,
20 and 40 ◦C min−1). The results obtained were used to calculate
the kinetics parameters for thermal decomposition of the different
CNs prepared.

2.8.1. Theoretical approach
The rate of a reaction of thermal decomposition of a solid can be

described by Eq. (5).

d˛

dt
= k (T) f (˛) (5)

where t is reaction time, k(T) is a constant depending on the tem-
perature (T), and f(�) is a function describing how the rate constant
of a reaction changes with the extent of reaction or conversion (�).
Conversion � at a time t is defined by Eq. (6).

 ̨ = w0 − wt
w0 − wf

(6)

where w0 and wf are the initial sample weight and final sample
weight (mg), and wt (mg) is the weight at a time t.

The dependence of the reaction rate constant with temperature
can generally be described by the Arrhenius equation. Thus, the
reaction rate for the decomposition of a solid can be described as
Eq. (7).

d˛

dt
= Ae

(
Ea
RT

)
f (˛) (7)

where A is the pre-exponential factor, Ea is the activation energy of
Arrhenius, and R is the ideal gas constant.

The rate expression described by Eq. (7) can be converted into
a non-isothermal rate expression, Eq. (8), relating the reaction rate
as a function of temperature at a constant heating rate  ̌ (Ramajo-
Escalera et al., 2006; Flynn, 1983).
d˛

dT
= A

ˇ
e
(
Ea
RT

)
f (˛) (8)

where  ̌ is the heating rate.
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Fig. 1. CNs suspensions; (A) Cellophane – H2SO4; (B) Mango seed – H2SO4; (C) 

Integrating Eq. (8) by separation of variables gives Eq. (9) as
ollows (Balogun et al., 2014; Flynn, 1983).

x

0

d˛

f (˛)
= g (˛) = A

ˇ

∫ T

T0

exp
(

− Ea
RT

)
dT (9)

If T0 is below the temperature where the decomposition rate
annot be measured, the lower boundary of the integral form dis-
ppears.

If X =
(
− Ea

RT

)
, Eq. (9) can be rearranged to give Eq. (10), as fol-

ows.

(˛) =
(

AEa
ˇR

){
− expX

X
+

∫ ∞

0

(
expX

X

)
dX

}
=

(
AEa
ˇR

)p(X)
(10)

where p(X) is the temperature integral. This integral does not
ave an exact analytical solution (Balogun et al., 2014; Flynn, 1983).

Numerous kinetic methods have been derived from Eq. (8). Gen-
rally, these can be classified into integral methods, such as those
f Ozawa (Ozawa, 1965) and Flynn and Wall (Flynn and Wall, 1966;
lynn, 1983), and differential methods such as those of Friedman
Friedman, 1964) and Kissinger (Kissinger, 1957). The methods of
lynn–Wall–Ozawa (FWO) and Kissinger were used for the calcu-
ation of kinetic parameters in the present study.

.8.2. Method of Flynn–Wall–Ozawa (FWO)
The FWO  method is based on an integral isoconversional method

Flynn and Wall, 1966; Ozawa, 1965) and is one of the remarkable
odel-free methods generally used for the determination of the

inetic parameters (Ozawa, 1965). The FWO  method uses Doyle’s

mpirical approximation (Doyle, 1965) of the temperature integral
n Eq. (10) as described by Eq. (11).

og p (X) ∼= −2.315 + 0.4567X (11)
ulp – H2SO4; (D) Cellophane – HCl; (E) Mango seed – HCl; (F) Kraft pulp – HCl.

After applying the logarithm on Eq. (10) and then inserting into
Eq. (11) gives the FWO  expression shown in Eq. (12).

log  ̌ = log
(

AE
g(˛)R

)
− 2.315 − 0.4567

(
Ea
RT

)
(12)

Hence, the estimated activation energy of Arrhenius (Ea) can be
calculated as described by Eq. (13).

Ea = −
(

R

0.4567

)
�logˇ

�
(

1⁄T
) (13)

where  ̌ (K min−1) is the heating rate, Ea (kJ mol−1) is the esti-
mated activation energy of Arrhenius, R is the ideal gas constant
(8.314 J K−1 mol−1), and T (K) is the absolute temperature at conver-
sion (�). A plot of log  ̌ against 1/T  for each conversion (�) should
result in a straight line. The least-squares method was adopted to
fit each straight line and obtain the slope, �(log ˇ)/�(1/T).

2.8.3. Kinetic method of Kissinger
The Kissinger method is based on a differential isoconversional

method and is also used to obtain kinetic parameters such as the
activation energy of Arrhenius, Ea, and the reaction order, n. Assum-
ing f(�) = (1 − ˛)n, as described in Eq. (14).

d˛

dT
=

(
A

ˇ

)
e
(

− Ea
RT

)
(1 − ˛)n (14)

where n is the reaction order.
In the Kissinger method the activation energy is derived from
the temperature (Tm) at which the maximum reaction rate (DTG
peak) occurs and the reaction order from the shape of the weight
loss-time curve (Kissinger, 1957; Jiang et al., 2010). The activation
energy, Ea, is determined by plotting ln (�/Tm

2) against 1/Tm, where
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F Ns from KP using H2SO4 and HCl; (C) CNs from PMS  using H2SO4 and HCl; (D) CNs from
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Table 1
Values of sulphur content (SC), zeta potential (ZP), degree of polymerization (DP)
and  crystallinity index (CrI) for the different samples of CNs extracted.

Sample/type of acid SC (%) DP ZP (mV) CrI (%)

CELL – – – 61
CELL-HCl 0.93 72 −18.8 67
CELL-H2SO4 3.49 78 −29.2 68
PMS  – – – 66
PMS-HCl 0.93 138 −16.4 74
PMS-H2SO4 3.37 78 −24.4 82
KP  – – – 82
ig. 2. X-ray diffractograms obtained for (A) raw cellulosic starting materials; (B) C
ELL  using H2SO4 and HCl.

he slope, �[ln(�/Tm
2)]/�(1/Tm), is equal to −Ea/R. The reaction

rder, n, is calculated using Eq. (15).

 = 1.26S
1
2 (15)

here S, the shape index, is defined by Eq. (16). The value of S can
e determined from the time derivative of the DTG curve (second
erivative of the weight loss-time curve) (Eq. (16)).

 = |

(
d2˛
dt2

)
1(

d2˛
dt2

)
2

| (16)

here 1 and 2 refer to the values of the derivatives at the inflection
oints, i.e., where d3˛/dt3 = 0.

The pre-exponential factor, A, can be calculated by inserting the
alues of n and Ea in Eq. (14) and solving it.

. Results and discussion

When hydrochloric acid was used to extract CNs, nanocrys-
als with limited dispersion in water solution were obtained, since
hese particles tend to aggregate through extensive hydrogen
onding (Filson et al., 2009). On the other hand, when sulphuric
cid was used to extract CNs, reactions between the sulphate and
ydroxyl groups occur which allow the formation of negatively
harged sulphate esters. The presence of the negative charges on

he cellulose nanocrystals’ surfaces generates electrostatic repul-
ion between nanoparticles that facilitates their dispersion in
ater, thus leading to the formation of stable aqueous dispersions

Lima and Borsali, 2004; Beck-Candanedo et al., 2005; Peng et al.,
KP-HCl 0.98 102 −17.0 71
KP-H2SO4 3.14 107 −30.3 79

2011). This behaviour results in interesting and important optical
properties (de Mesquita, 2012). Fig. 1 shows the difference between
the suspensions obtained by acid hydrolysis using H2SO4 and HCl.
Interestingly, immediately after the sonication process, all suspen-
sions were found to be homogeneous and well dispersed. However,
as time passed, depending on the presence or absence of surface
groups in the nanocrystals’ surface, these aggregated together in
the case of nanocrystals extracted using HCl.

Table 1 shows the sulphur content, zeta potential, degree of
polymerization and crystallinity index for the different samples
of CNs extracted using H2SO4 and HCl. As shown in Table 1 CNs
extracted using H2SO4 presented a greater amount of sulphur in
their composition, which can be related to the presence of sulphate

groups on their surface. The presence of sulphate groups resulted in
a negative net charge on the cellulose nanocrystals extracted with
sulphuric acid, as evidenced by the zeta potential. These results
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Fig. 3. AFM images of CNs extracted with HCl; (A) CELL; (B) PMS; (C) KP.
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Fig. 4. AFM images of CNs extracte

onfirm the incorporation of sulphate groups on the CNs after
xtraction with H2SO4 and that the acid hydrolysis conditions used
esulted in homogeneous and stable aqueous suspensions due to
lectrostatic repulsion.

.1. X-ray diffraction (XRD)

The X-ray diffraction patterns for the different samples and
onditions of acid hydrolysis are shown in Fig. 2 as well as the
nhydrolyzed starting materials.

In the XRD patterns it is possible to notice that the unhydrolyzed
aterials have a predominance of crystalline domains typical of

ellulose I in the case of Kraft pulp and mango seeds, which is veri-
ed by the presence of peaks at 2� = 15◦ (plane 1–1 0), 22.5◦ (plane

 0 0) and 34◦ (plane 0 0 4), while cellophane exhibited crystalline
omains typical of regenerated cellulose, or cellulose type II, which
an be seen by the peaks at 2� = 12◦ (plane 1–1 0) and 20◦ (plane

 1 0) (French, 2014).
XRD diffractograms of the nanocrystals extracted from KP using

oth acids and nanocrystals from PMS  extracted with HCl exhib-
ted profiles of cellulose I, while nanocrystals extracted from CELL
sing both acids and nanocrystals extracted from PMS  using H2SO4
howed profiles of cellulose II. Table 1 shows the crystallinity index
f each sample calculated using Eqs. (3) and (4).

As can be seen in Table 1, a decrease was observed in the crys-

allinity index (CrI) of CNs obtained from KP in relation to the
nhydrolyzed starting material. This behavior can be attributed
o partial dissolution of the sample during the acid hydrolysis
f cellulose (Jayme and Lang, 1963). All other CNs samples (PMS
 H2SO4; (A) CELL; (B) PMS; (C) KP.

and CELL) exhibited CrI values greater than those of the start-
ing materials, which is attributed to the removal of amorphous
regions from the cellulose (de Mesquita, 2012). Through diffrac-
tograms it was  observed that acid hydrolysis may  induce CNs to
either retain the initial profile of the sample or transform into
another cellulose polymorph. Whether a conversion occurs or not
depends on various conditions such as acid concentration, hydrol-
ysis time, and the temperature ratio between the acid and the
starting material, among others (Sèbe et al., 2012). Cellulose II can
be obtained from cellulose I by treatment with aqueous sodium
hydroxide (mercerization) or by dissolution of cellulose and subse-
quent precipitation/regeneration in different solvents (O’sullivan,
1997), including concentrated sulphuric acid. The large differ-
ence between cellulose I and II arises from the hydrogen bonding
between the cellulose chains, where cellulose II has an antiparal-
lel orientation between the chains due to changes in its hydrogen
bond system. This has a direct influence on the structure of the crys-
tal lattice in the cellulose, as demonstrated by X-ray diffraction (de
Souza, 2009).

3.2. Atomic force microscopy (AFM)

Fig. 3 shows AFM images of the various sources of CNs extracted
by acid hydrolysis using HCl. The AFM images showed that CNs
extracted from KP and PMS  appeared to be cylindrical in shape,

while the CNs extracted from CELL showed a spherical shape. The
vast majority of CNs extracted by acid hydrolysis result in crystals
with cylindrical shapes (Beck-Candanedo et al., 2005). However,
the conditions under which high concentrations of acid were used
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Fig. 5. TG curves for cellulose nanocrystals (CNs) extracted from different samples (CELL, PMS  and KP) using H2SO4 and HCl.

Table 2
Thermal decomposition temperatures, Ti , Tf , Tm, and Tonset for different CNs prepared using HCl and H2SO4 obtained at a heating rate of 10 ◦C min−1.

Type of CN Type of acid Ti (K) Tf (K) Tm (K) Tonset (K) Ti (◦C) Tf (◦C) Tm (◦C) Tonset (◦C)

PMS  HCl 515.9 631.7 581.6 537.1 242.7 358.6 308.4 263.9
H2SO4 479.3 527.4 560.4 504.3 206.2 254.3 287.2 231.2

PK  HCl 558.4 639.3 602.8 566.8 285.3 366.2 329.6 293.6

i
r
C
a
a
i
5
e

H2SO4 494.7 647.2 585.4 

CELL  HCl 519.8 649.1 596.9 

H2SO4 473.5 544.8 492.8 

n this hydrolysis combined with high temperature and time may
esult in CNs with a spherical shape (Wang and Sain, 2007). Those
Ns extracted from CELL using HCl resulted in crystals with an aver-
ge length of 40.90 ± 11.63 nm,  average diameter of 3.85 ± 1.23 nm

nd aspect ratio of 11.57 ± 4.87 nm.  CNs extracted from PMS  exhib-
ted an average length of 153 ± 48.76 nm,  an average diameter of
.09 ± 3.09 nm and an average aspect ratio of 39.97 ± 26.50 nm.  CNs
xtracted from KP showed an average length of 155.91 ± 43.64 nm,
535.0 221.5 374.1 312.2 261.9
477.3 246.7 376.0 323.8 204.1
490.9 200.3 271.7 219.6 217.8

an average diameter of 4.71 ± 1.50 nm and an average aspect ratio
of 36.69 ± 16.02 nm.

Fig. 4 shows AFM images of the CNs obtained by hydrolysis
using H2SO4. The CNs extracted from CELL using H2SO4 showed

an average length of 123.89 ± 24.98 nm,  an average diameter of
4.61 ± 1.73 nm and an average aspect ratio of 31.25 ± 14.93 nm.  CNs
extracted from PMS  showed an average length of 123 ± 22.14 nm,
an average diameter of 4.59 ± 2.19 nm and an average aspect ratio
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Table 3
Pre-exponential factor and activation energy for all the cellulose nanocrystals calculated by the FWO  method.

CELL-HCl CELL-H2SO4 PMS-HCl PMS-H2SO4 KP-HCl KP-H2SO4

Conversion (˛) Ea (kJ mol−1) Conversion (˛) Ea (kJ mol−1) Conversion (˛) Ea (kJ mol−1) Conversion (˛) Ea (kJ mol−1) Conversion (˛) Ea (kJ mol−1) Conversion (˛) Ea (kJ mol−1)

0.18 178.03 0.18 55.44 0.18 301.94 0.18 186.47 0.17 187.85 0.2 156.34
0.2  180.89 0.2 57.43 0.2 306.73 0.2 192.05 0.19 176.32 0.22 152.58
0.22  187.21 0.22 59.30 0.22 307.02 0.22 251.67 0.21 165.98 0.24 154.94
0.24  198.01 0.24 60.55 0.24 308.01 0.24 258.24 0.23 157.89 0.26 155.74
0.26  205.28 0.26 60.87 0.26 308.81 0.26 343.11 0.25 151.13 0.28 158.52
0.28  216.90 0.28 61.81 0.28 311.43 0.28 395.62 0.27 147.11 0.3 162.73
0.3  227.55 0.3 61.98 0.3 311.87 0.3 410.50 0.29 142.35 0.32 166.11
0.32  243.55 0.32 62.99 0.32 312.51 0.32 410.55 0.31 139.22 0.34 170.53
0.34  244.57 0.34 63.63 0.34 313.30 0.34 417.25 0.33 136.70 0.36 171.10
0.36  298.78 0.36 65.61 0.36 313.95 0.36 423.51 0.35 135.66 0.38 174.08
0.38  352.33 0.38 67.85 0.38 314.63 0.38 425.70 0.37 133.63 0.4 175.10
0.4  382.83 0.4 72.01 0.4 315.30 0.4 433.71 0.39 131.63 0.42 177.95
0.42  379.93 0.42 78.41 0.42 317.02 0.42 443.60 0.41 131.01 0.44 179.61
0.44  373.15 0.44 93.32 0.44 317.39 0.44 453.46 0.43 130.10 0.46 182.84
0.46  375.75 0.46 111.44 0.46 318.63 0.46 460.29 0.45 128.47 0.48 184.30
0.48  373.34 0.48 145.92 0.48 319.24 0.48 484.68 0.47 127.33 0.5 188.87
0.5  366.64 0.5 192.30 0.5 320.79 0.5 511.61 0.49 126.62 0.52 191.72
0.52  379.59 0.52 260.12 0.52 324.95 0.52 524.41 0.51 125.32 0.54 192.57
0.54  376.71 0.54 333.31 0.54 582.20 0.53 125.88 0.56 194.15
0.56  396.69 0.56 339.03 0.56 778.84 0.55 124.92 0.58 209.90
0.58  411.74 0.58 350.97 0.57 124.18 0.6 220.14
0.6  428.12 0.59 125.47 0.62 239.61

0.61 125.37 0.64 269.85
0.63 127.69
0.65 128.62
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Fig. 6. Plots of log  ̌ versus 1000/T  for different samples of CNs (CELL, PMS and KP) obtained using H2SO4 and HCl at different conversions (˛).
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f 34.07 ± 18.60 nm.  CNs extracted from KP showed an average
ength of 189.41 ± 57.74 nm,  an average diameter of 5.46 ± 1.99 nm
nd an average aspect ratio of 41.18 ± 22.49 nm.

The CNs that showed profiles typical of cellulose type II pre-
ented an average length and width substantially smaller than
hose comprised of cellulose type I. This same behaviour was
eported by Sèbe and collaborators (Sèbe et al., 2012). Addition-
lly, as can be seen in Table 1, the CNs samples with the profile
f cellulose I have higher DP values when compared with the CNs
amples with the profile of cellulose II. This corroborates the results
or the lengths of the CNs determined by AFM.

To determine the exact dimensions of CNs is a complicated task
ecause of the specific limitations of the different analytical meth-
ds adopted. In the case of AFM, tip/sample broadening represents
he main limitation, resulting in an overestimation of cellulose
anocrystal dimensions. Since the CNs are assumed to be cylindri-
al in shape, the height of the CNs was taken to be equivalent to the
iameter, to compensate for image widening due to the convolution
f the tip and the particle (Beck-Candanedo et al., 2005; Kvien et al.,

005; Flauzino Neto et al., 2013). However, tip-broadening effects
lso cause errors in length measurements, but this is unavoidable
Beck-Candanedo et al., 2005).
3.3. Thermogravimetric analysis (TGA)

The thermal decomposition for all cellulose nanocrystals fol-
lowed a similar behaviour observed for the thermal decomposition
of celluloses reported in the literature (Poletto et al., 2011; Gurgel
et al., 2012). TG curves for all cellulose nanocrystals obtained in
this study are shown in Fig. 5. It can be noticed that for all CNs, the
profiles of weight loss essentially exhibited three main decompo-
sition events. The first main decomposition event, which occurred
at temperatures below 100 ◦C, was related to the evaporation of
adsorbed and bound water and/or compounds of low molecu-
lar weight adsorbed on the nanocrystals’ surface and represented
∼10% of the total weight loss on average of the samples. For all
cellulose nanocrystals, the initial weight loss was followed by a
plateau that prolonged to the start of the second main decomposi-
tion event. The second main decomposition event corresponded
to cellulose degradation, which consisted of several concurrent
processes such as depolymerization, dehydration and decompo-
sition of glycosidic units (Roman and Winter, 2004). The third

main decomposition event was attributed to the oxidation and
breakdown of charred residues to form gaseous products of low
molecular weight (Roman and Winter, 2004; Teixeira et al., 2010).
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Fig. 7. Plots for activation energy (Ea) versus conversion rate (˛) for thermal decomposition of different CNs extracted using H2SO4 and HCl.

Table 4
Pre-exponential factor (A), activation energy (Ea) and reaction order (n) calculated by the Kissinger method.

CELL-HCl CELL-H2SO4

 ̌ (K min-1) S n Ea (kJ mol-1) ln A  ̌ (K min-1) S n Ea (kJ mol-1) ln A

5 0.971 1.242 134.66 8.444 5 0.68 1.039 145.13 24.476
10  0.667 1.029 10 0.329 0.723
20  1.19 1.375 20 1.923 1.747
40  0.774 1.109 40 1.263 1.416

PMS-HCl PMS-H2SO4

 ̌ (K min-1) S n Ea (kJ mol-1) ln A ˇ(K min-1) S n Ea (kJ mol-1) ln A

5 0.974 1.243 202.42 19.363 5 1.208 1.385 275.8 53.109
10  1.045 1.288 10 1.2 1.38
20  0.882 1.184 20 1 1.26
40  0.875 1.179 40 1.583 1.585

KP-HCl KP-H2SO4

 ̌ (K min-1) S n Ea (kJ mol-1) ln A  ̌ (K min-1) S n Ea (kJ mol-1) ln A

5 0.492 0.884 102.23 9.693 5 0.855 1.165 140.67 19.02

T
b
K
u
e
f
g
(
s

10  0.511 0.901 

20  0.519 0.908 

40  0.681 1.04 

he onset temperature, Tonset, which is related to the thermal sta-
ility of a sample, was lower for cellulose nanocrystals (PMS and
P) extracted using H2SO4 in comparison with those extracted
sing HCl, with exception for cellulose nanocrystals from CELL that
xhibited the opposite behavior. A low thermal stability is expected

or cellulose nanocrystals containing sulphate groups, since these
roups may  increase the rate of cellulose dehydration reactions
Roman and Winter, 2004). This occurs because the incorporation of
ulphate groups onto the cellulose surface after acid hydrolysis has
10 0.7 1.054
20 1.506 1.547
40 0.915 1.205

a catalytic effect on its thermal degradation. Another effect that has
been reported is the replacement of cellulose hydroxyl groups by
sulphate groups, which leads to a decrease in the activation energy
(Teixeira et al., 2010).

As can be seen from Table 2, the initial decomposition tempera-

ture, Ti, onset decomposition temperature, Tonset, and temperature
where the decomposition rate reaches its maximum, Tm, were
smaller for CNs prepared using H2SO4 than those prepared using
HCl. These results indicate that CNs prepared using H2SO4 are less
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Fig. 8. - Plots of ln (�/Tm
2) against 1000/Tm usin

esistant to thermal degradation than those prepared using HCl.
hese findings indicates that CNs prepared using HCl are more
ppropriated to be used as reinforcement for polymers compos-
tes since they resist to thermal decomposition until temperatures
f approximately 240 ◦C. Similar conclusions were also found by

eong and collaborators (Jeong et al., 2010).

.3.1. Kinetics results
In order to obtain the kinetics parameters for the thermal

ecomposition of cellulose nanocrystals, the conversion (�) was
etermined according to method described in the theoretical
pproach (Section 2.8.1). The FWO  and Kissinger methods were
sed to calculate the activation energy (Ea), the pre-exponential

actor (A) and reaction order (n). Fig. 6 shows plots of log  ̌ versus
000/T using FWO  method for various values of conversion (�) for
ll CNs prepared. In all cases, the lines have become nearly parallel,
ndicating approximate activation energies in different conversions
nd thus implying the possibility of a simple reaction mechanism
Yao et al., 2008).

The values of activation energy (Ea) calculated using FWO
ethod for all CNs prepared are shown in Table 3. Fig. 7 shows

he plots of the activation energy (Ea) against conversion (�) for
ifferent samples of CNs extracted using H2SO4 and HCl.

In order to discuss the values of Ea involved in the thermal

ecomposition of CNs extracted from different sources is necessary
o consider the type of cellulose polymorph, DP, CrI, and type of cat-
lyst (H2SO4 or HCl) used to hydrolyse cellulose samples. The CNs
xtracted from different sources showed different polymorphs of
Kissinger method for all cellulose nanocrystals.

cellulose. CNs from KP extracted using both acids (H2SO4 and HCl)
and PMS  extracted using HCl showed profiles of cellulose I, while
CNs from PMS  extracted using H2SO4 and CELL extracted using both
acids showed profiles of cellulose II. Morgado and Frollini (2011)
studied the thermal decomposition kinetics of untreated linters
cellulose (cellulose I) and mercerized linters cellulose (cellulose II).
They observed that the value of Ea for thermal decomposition of
the former was  158 kJ/mol, while Ea for the latter was 187 kJ/mol.
This means that more energy is required in the thermal decompo-
sition of cellulose II in comparison with cellulose I. This difference
may  be related to the different orientation of cellulose chains and
pattern of hydrogen bonding in cellulose I and II. While cellulose I
chains are orientated in parallel and the CH2OH groups of adja-
cent chains have the same conformation, the cellulose II chains are
orientated in antiparallel, with CH2OH groups occupying differ-
ent positions. Because of these differences, the hydrogen bonds in
cellulose II are stronger than those in cellulose I, which result in a
higher thermal stability of cellulose II in comparison with cellulose
I (Morgado and Frollini, 2011). However, it was  verified that for CNs
samples, the type of acid had a greater influence than type of cel-
lulose polymorph on Ea for thermal decomposition. Those samples
extracted using H2SO4 showed lower initial Ea than those extracted
using HCl, since the introduction of sulphate groups decreased the
thermal stability of CNs. It is well known that the mechanism of

cellulose decomposition firstly involves dehydration reactions to
form anhydrocellulose through either inter- or intra-ring dehy-
dration (Morgado and Frollini, 2011; Scheirs et al., 2001; Roman
and Winter, 2004). The introduction of sulphate groups, which are
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ell-known dehydration catalysts, facilitates the thermal decom-
osition of CNs, justifying the initial lower Ea values observed for
he samples obtained using H2SO4 as the catalyst (Roman and

inter, 2004).
Analyzing Ea values involved in the thermal decomposition of

ach CN produced from CELL, PMS, and KP using H2SO4 and HCl
s the catalysts, it is possible to note that for CNs from CELL the
alues of DP and CrI are quite similar (Table 1). Therefore, the great
ifference between Ea values for these CNs can be attributed to
he presence of sulphate groups, which catalyze the dehydration
f CNs lowering the value of Ea until conversions closer to 0.40. In
onversions higher than 0.40, these CNs seem to follow different
ecomposition mechanisms as Ea value increases sharply for CELL-
2SO4 in comparison with CELL-HCl. For CNs from PMS, the values
f DP and CrI are different. PMS-HCl has higher DP and smaller
rI than PMS-H2SO4. The values of Ea for PMS-H2SO4 are smaller
han PMS-HCl until conversions closer to 0.22. After conversions
igher than 0.25, the values of Ea for PMS-H2SO4 are always higher
han PMS-HCl. The influences of DP and CrI are not clear since Ea

alues involved in the thermal decomposition of these CNs are quite
ifferent from  ̨ values >0.25. For CNs from KP, KP-HCl has smaller
alues of DP and CrI than KP-H2SO4. Apart from the influence of
ulphur content for KP-H2SO4, which decreases the initial values
f Ea, the smaller values of DP and CrI for KP-HCl seem to influence
he values of Ea, lowering them in conversions higher than 0.25.
s the sulphur content, DP, CrI, and type of cellulose polymorph
ave influence on Ea values for thermal decomposition of CNs, it is
ifficult to correlate the values of Ea for different CNs from different
ources. It is known that lower values of DP and CrI decrease the
alue of Ea since a low CrI favors the dehydration reactions and a low
P favors the depolymerization reactions of cellulose (Bouchard
t al., 1989; Bouchard et al., 1990; Gurgel et al., 2012).

Fig. 8 shows the plots of ln (ˇ/Tm
2) against 1000/Tm using the

issinger method for all CNs prepared. The activation energy (Ea),
re-exponential factor (A) and reaction order (n) obtained by the
issinger method are shown in Table 4. Values of Ea for thermal
ecomposition were different for the different hydrolysis condi-
ions. The Kissinger method adopts the value of average activation
nergy, obtained from the slope in the straight line. This value can-
ot necessarily represent the value of the global activation energy
Yao et al., 2008). As can be seen in Table 4, all values of Ea for CNs
repared using HCl as the catalyst were smaller than those for CNs
repared using H2SO4 as the catalyst. As the value of Ea obtained

rom Kissinger method is an average value of Ea, the abrupt increase
f Ea value in conversions higher than 0.425, 0.475, and 0.50 for
ELL-H2SO4, PMS-H2SO4, and KP-H2SO4, respectively, contributes
o increase the values of Ea for CNs obtained from samples using
2SO4 as the catalyst.

The values of the reaction order (n) found by the Kissinger
ethod are shown in Table 4. For all samples the order of reaction

pproximately to the unit. It can be seen from these results that
he order of reaction decreased as the degree of polymerization
ecreased, as reported by Calahorra (Calahorra et al., 1989).

Comparing the values of Ea obtained by the two  methods, it
an be seen that the Ea calculated by the FWO  method is generally
igher than those calculated by the Kissinger method, which sim-
ly gives the different parameters adopted by each method (Gurgel
t al., 2012).

. Conclusions
Cellulose nanocrystals were obtained from different sources and
nder different conditions of hydrolysis with success. By X-ray
iffraction it was observed that the CNs showed different morpho-

ogical characteristics. The presence of both cellulose type I and
nd Products 76 (2015) 128–140 139

cellulose type II was noted. The CNs showed crystallinity index val-
ues ranging from 67 to 82%. The CNs had mostly cylindrical shape,
with the exception of CNs extracted from cellophane using HCl that
showed a circular shape as evidenced by AFM images. The CNs had
an average length (L) ranging from 40.90 to 189.41 nm,  average
diameter (D) ranging from 3.85 to 5.46 nm and average aspect ratio
(L/D) from 11.57 to 41.18 nm.  CNs composed of cellulose II had
lower DP values than CNs composed of cellulose I. Thermogravi-
metric analysis was used to investigate the thermal decomposition
of all samples of CNs obtained. The CNs extracted using H2SO4 were
less thermally stable than those extracted using HCl. The FWO  and
Kissinger methods were used to determine the kinetic parame-
ters such as activation energy, pre-exponential factor and reaction
order. The activation energy (Ea) calculated by the FWO  method was
generally higher than that calculated by the Kissinger method. The
Ea of cellulose II CNs increased with increasing conversion (˛), while
in the case of cellulose I CNs the Ea remained constant or decreased
slightly with ˛. The type of polymorph of cellulose and the acid
employed in the CN extraction affected the thermal degradation
kinetics of the CNs.
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