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a  b  s  t  r  a  c  t

The  aim  of this  work  was  to optimize  the  extraction  of  cellulose  nanowhiskers  (CNW)  from  unripe  coconut
husk  fibers  (CHF).  The  CHF  was  delignified  using  organosolv  process,  followed  by  alkaline  bleaching  (5%
(w/w)  H2O2 + 4%  (w/w)  NaOH;  50 ◦C,  90 min).  The  CHF  was  subsequently  hydrolyzed  with 30%  (v/v)
sulfuric  acid  (60 ◦C,  360 min).  The  process  yielded  a partially  delignified  acetosolv  cellulose  pulp  and
eywords:
gribusiness
anotechnology
reen chemistry
ellulose nanocrystal

acetic  black  liquor,  from  which  the  lignin  was  recovered.  The  CNW  from  the  acetosolv  pulp  exhibited
an  average  length  of 172  ±  88 nm  and a  diameter  of  8 ± 3 nm, (aspect  ratio of  22  ±  8).  The  surface  charge
of  the  CNW  was −33 mV,  indicating  a  stable  aqueous  colloidal  suspension.  The  nanocrystals  presented
physical  characteristics  close  to those  extracted  from  cellulose  pulp made  by  CHF  chlorine-pulping.  This
approach  offers  the additional  advantage  of extracting  the  lignin  as  an alternative  to eradication.

©  2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Cellulose nanowhiskers (CNW), sometimes referred to as
hiskers, are structures in nanoscale dimensions with a wide range

f applications in different fields. Key applications of these struc-
ures involve their use as support systems for synthesis of metallic
anoparticles (Xiong, Lu, Zhang, Zhou, & Zhang, 2013), intelligent

r active packages (Azeredo, Miranda, Rosa, Nascimento, & De
oura, 2012), and engineered nanocomposites (Eichhorn et al.,

010). CNW can replace carbon nanotubes as fillers because of
heir relatively low cost of production, easy obtainment process,

∗ Corresponding author at: Embrapa Agroindústria Tropical – CNPAT, Rua Dra.
ara  Mesquita 2270, Planalto do Pici, CEP 60511-110, Fortaleza, Ceará, Brazil.
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J.P.A. Feitosa), morsyleide.rosa@embrapa.br, morsyleide@gmail.com (M.F. Rosa).

ttp://dx.doi.org/10.1016/j.carbpol.2014.04.053
144-8617/© 2014 Elsevier Ltd. All rights reserved.
low density (about 1.566 g/cm3), non-abrasive nature, biocompat-
ibility, and biodegradability (Postek et al., 2011).

Several sources of CNW like wood, non-wood fibers, algae, tuni-
cates, and bacterial cellulose have been reported (Eichhorn et al.,
2010). However, unripe coconut husk fiber (CHF) represents an
exceptional major source of cellulose for the extraction of the CNW
because it is significantly abundant, low-cost, and is an underuti-
lized byproduct produced in several tropical regions (Rosa et al.,
2010).

It has already been reported that CNW from CHF possess diam-
eters smaller than 5 nm and an aspect ratio of 39 ± 14 (Rosa et
al., 2010). In the work of Rosa et al. (2010), CHF were subjected
to a series of treatments involving: (i) washing with hot water,
(ii) bleaching with sodium chlorite (NaClO2), (iii) pre-hydrolysis
with nitric acid (HNO3), and (iv) acidic hydrolysis with sulfuric acid
(H2SO4, 64% (w/w)). Although it was  possible to obtain a stable col-
loidal suspension, it presented a dark-brown aspect, which limited

its use as filler in nanocomposites for films and packages, mainly
owing to the presence of residual lignin (Rosa et al., 2010). Another
limitation of this approach in pulping was the use of the chloro-
based compound, NaClO2, which is known to be detrimental to the
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nvironment owing to its role in the formation of organochlorine
yproducts.

Usually, the higher the lignin content in a fiber, the higher the
mount of reagents required to remove it and allow access to cel-
ulose in order to produce CNW. However, lignin can be extracted
s a separate product from CHF, using approaches that are closer to
reen chemistry and biorefinery principles (Ng, Tay, & Ng, 2013).

The aim of this work was to optimize the experimental condi-
ions for the extraction of CNW from CHF, with a view to extracting
ellulose and lignin through a chlorine-free pulping approach
hat allows for minimizing the waste of lignin, while using easily
ecoverable and low-environmental impact reagents. The physi-
al and chemical properties of CNW were evaluated by analysis
f surface charge, crystallinity index, crystal size dimension, FTIR
pectroscopy, and thermogravimetric analysis. These results were
ompared to the already existing methods to produce CNW from
HF.

. Methods

.1. Material

Unripe coconut husk fiber (CHF) was collected as a city waste
n Fortaleza, Ceará State, Brazil, and processed in a pilot plant
rocessing unit from where it was transported to Embrapa Tropical
groindustry (CNPAT), also in Fortaleza. The raw CHF was ground

n Wilye mill (FORTINOX – STAR FT 80) with a 1.0 mm sieve. All
olvents and reagents were of analytical grade and were used as
eceived without any modification. The reagents 97% (w/w)  NaOH,
7% (w/w) HCl, 30% (w/w) H2O2, 99.7% (w/w) acetic acid (AcOH),
nd 98% (w/w) H2SO4 were obtained from Vetec Química Fina Ltda

 Duque de Caxias, RJ, Brazil, while 80% (w/w) NaClO2 was  obtained
rom Sigma–Aldrich, Saint Louis, MO,  USA.

.2. Acetosolv pulping (AP)

The CHF fibers were cooked in a mixture of 93% (w/w) AcOH and
.3% (w/w) HCl in a hydrothermal reactor at 110 ◦C, in a ratio of
:10 (w/v fiber:solution) with constant stirring for 180 min. At the
nd of the reaction, the mixture was separated into solid (acetosolv
ulp) and liquid fractions (black liquor). The acetosolv pulp (AP)
as washed with fresh AcOH (80 ◦C) to prevent lignin redeposition

n the fiber. The black liquor (BL) was stored for further separation
f the recovered lignin (RL) (Benar & Schuchardt, 1994).

.3. Generation of recovered lignin (RL)

The BL was concentrated in a rotary evaporator (BUCHI – R-
10/215) to recover the acetic acid. After this step, the volume of
L was diluted 10 times with distilled water at 80 ◦C to precipitate
he lignin. The RL was filtered and washed with distilled water at
5 ◦C until it reached a pH close to the washing water. Subsequently,

t was dried in a vacuum desiccator with silica gel.

.4. Alkaline-peroxide bleaching (APB)

The AP was bleached with a solution of 5% (w/w) H2O2 and 4%
w/v) NaOH in a beaker at 50 ◦C in a ratio of 1:20 (fiber:solution,
/v) with constant stirring for 90 min. At the end of the reaction,
he bleached acetosolv pulp (BAP) was vacuum-filtered and washed
ith distilled water until it reached the pH of water used in the
ashing step. The BAP was oven-dried at 50 ◦C for 24 h, and then

he bleaching procedure was repeated.
 Polymers 110 (2014) 456–463 457

2.5. Extraction of cellulose nanowhiskers (CNW)

The final BAP was stirred in a 30% (v/v) (43.6%, w/w or 8 mol/L)
solution of H2SO4 at 60 ◦C, in a 1:8.75 (w/v) ratio of fiber:solution
for 360 min  (Wang, Cao, & Zhang, 2006). At the end of the pro-
cess, the reaction was  halted by adding 10 times the volume of cold
deionized water (∼10 ◦C). The colloidal suspension was  centrifuged
in three cycles of 13,000 rpm (26,400 × g) (HITACHI – CR 22GIII) for
15 min  until the supernatant began to turn turbid. In other words,
in the first and in the second centrifugations, the supernatant was
clear, and the CNW were in the bottom; in the third centrifuga-
tion, the supernatant began to become turbid, indicating that the
CNW were beginning to leak to the supernatant. Between each
centrifugation, the suspension was ultra-sonicated (UNIQUE – Cell
Disruptor – 500 W)  at 90% power for 5 min  to prevent the forma-
tion of agglomerates. Thereafter, the suspension was  dialyzed with
tap water for 24 h until it reached a pH of 6–7. The suspension was
ultra-sonicated at the end of the dialyses as described previously,
prior to characterization.

2.6. Characterization

2.6.1. Chemical characterization of fibers
The CHF, AP, and BAP fibers were chemically analyzed. The mois-

ture, extractive, and Klason lignin contents were determined in
accordance to TAPPI T 421 om-02 (2002), TAPPI T 204 cm-97 (1997),
and TAPPI T 222 om-22 respectively (2000). Hemicellulose and
alpha-cellulose contents were analyzed as described by Yokoyama,
Kadla, and Chang (2002) and TAPPI T 203cm-99 (2009). The results
are presented in dry weight of fibers.

2.6.2. FTIR analysis
Samples of CHF, AP, BAP, and RL were ground and pelletized

using KBr (1:50, w/w). The spectra were recorded in the range
of 4000 cm−1 to 400 cm−1 (Agilent Cary 640 FTIR) using Fourier
transformation.

2.6.3. Electron microscopy
The three different fibers (CHF, AP, and BAP) were analyzed

by scanning electronic microscopy (SEM). All fibers were metal-
ized (Emitech K550) with gold sputtering prior to examination and
scanned at an acceleration voltage of 15 kV (Zeiss DSM 940A).

The CNW were measured by transmission electronic
microscopy (TEM). A volume of 1 mL  of nanocellulose 5% (w/v)
suspension was dropped onto a FormvarTM/Carbon support with
a 300 mesh copper grid. After 2 min, the excessive water was
drained with a Whatmann paper no.2, and the grid was inverted
and allowed to touch a drop of 2% (w/v) uranyl acetate for 5 min.
This process was  repeated three times, and the grid was air-dried at
room temperature for 24 h. The grids were examined in a JEOL JEM
1200FxII microscope. The length and width of 100 crystals were
recorded using the software GNU Image Manipulation Program
(GIMP 2.8).

2.6.4. X-ray diffractogram
Samples of CHF, AP, BAP, and dried CNW were analyzed in an

Xpert MPD  diffractometer with Co tube in 40 kV and 40 mA  in the 2�
range from 3◦ to 50◦. The crystallinity index (CI) was  calculated as
the ratio between the integrated area of all crystalline peaks and the
integrated total area (Rabek, 1980). The diffractogram peak decon-
volution was  performed with the Gausian function of the software

® TM
PeakFit of Systat Software Inc (SigmaPlot ), using the following
equation:

CI (%) = IC
IC + IA

(1)
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Fig. 1. Chemical composition (dry basis) of (a) unripe coconut husk fiber (CHF), (

n which CI (%) is the percentage crystalline fraction, IC is the total
rea of crystalline peaks and IA is the total area of the amorphous
egion.

The size of the perpendicular crystal to the plane 0 0 2 (�) was
stimated using the Scherrer’s equation (Patterson, 1939):

 = 0.9�

ˇ0 0 2 × cos �0 0 2
(2)

here ˇ0 0 2 is the line broadening at half the maximum intensity
FWMH) of diffraction plane 0 0 2; �0 0 2 is the maximum diffraction
ngle of plane 0 0 2, and � is the wavelength of the X-ray source
0.178 nm).

.6.5. Thermal analyses
The CHF, AP, BAP, and dried CNW were analyzed in a Mettler

oledo TGA/SDTA 851 under a N2 atmosphere with a 50 mL/min
as flow rate, heating rate of 10 ◦C/min, and a temperature range
rom 25 to 800 ◦C, in an alumina sample holder.

.6.6. Zeta potential and particle size measurement
A sample of 1 mL  of the suspension of CNW was diluted to a

atio of 1:50 (v/v) and three replicates of 0.75 mL  were analyzed in
olded capillary cell (DTS1060) in a Malvern 3000 Zetasizer NanoZS
o determine the surface charge and estimate the crystal size using
iffraction light scattering (DLS). The particle size was  measured
sing the Smoluchowski algorithm (Lang & Xanh, 1980; Tournier,
itzjohn, & Bates, 2006).

. Results and discussion

.1. Chemical characterization, CNW extraction, and recovery of
ignin

After the bleaching and acetosolv pulping steps, the content of
on-cellulosic components decreased significantly (Fig. 1).

The CHF presented 35% of �-cellulose and 36% of Klason lignin
ontents, which are similar to the values obtained by Muensn,
unanopparat, Menut, and Siriwattanayotin (2011). This team
tudied the chemical properties of several coconut varieties and
ound cellulose contents around ∼33% and ∼42% lignin contents.

n our case, the acetosolv pulping increased the cellulose content,
liminated some of the extractives and non-cellulose carbohy-
rates, while reducing the lignin content in the fiber from 36% to
4%. Furthermore, the bleaching treatment efficiently eliminated
tosolv pulp (AP), (c) recovered lignin (RL), and (d) bleached acetosolv pulp (BAP).

the residual lignin, which increased the accessibility of cellulose to
promote acidic hydrolysis, resulting in a light-cream nanocellulose
suspension (Section 3.3).

Acetosolv pulping removed much of the CHF lignin and some
hemicellulose as reported in other works (Li, Sun, Xu, & Sun, 2012).
Moreover, it appeared to weaken the residual lignin in the fibers.
Previous work by Rosa et al. (2010) had reported four serial chlorine
bleaching procedure to successfully eliminate the bulk of the CHF
lignin. Despite the additional acid hydrolysis of the cellulose pulp,
the obtained suspension was still dark-brown in color, indicating
the presence of residual lignin.

The mass balance of the process (Fig. 2) implied a fair efficient
removal of lignin from the fiber. In addition, limited amounts of
polysaccharides were removed in the black liquor, with a recovery
yield of ∼50% of lignin from the CHF. Up to 24% of the total lignin in
the raw CHF was  extracted, and the recovered lignin represented
18% of the 36% starting material (Fig. 2). The lignin recovery yield in
the black liquor is in agreement with acetosolv extractions in soft-
wood, hardwood and non-woody biomasses (Soudham, Rodriguez,
Rocha, Taherzadeh, & Martin, 2011). Therefore, it seems plausible
that the lignin recovery as a pulping byproduct in this approach
might contribute to increase the economic viability of the whole
process, however further in depth analyses are crucial to confirm
these findings (Figueirêdo et al., 2012; Rosa et al., 2010).

After the treatments, it was possible to obtain a yield of up to 50%
of AP, 22% of BAP, and 12% of CNW. The yield of CNW represented
54.5% of BAP content. Meanwhile, traditional chlorine-based pulp-
ing (Figueirêdo et al., 2012; Rosa et al.,  2010) yielded values of 23%
for BAP, and only 6% for CNW, whereas the lignin could not be recov-
ered. This suggests that acetosolv pulping was  efficient in increas-
ing the CNW yield and produced a second byproduct with economic
value, which, in other processes, is commonly regarded as a waste.

3.2. FTIR analysis

The FTIR graphics corroborate the chemical characterization of
the fibers (Section 3.1) and the effect of the chemical treatments
(Fig. 3, Table 1) in addition the efficiency of lignin recovery is also
confirmed.

All the spectra of fibers displayed bands at 3400 cm−1 due to the

hydroxyl groups, at 2925 cm−1 due to CH stretching, at 1640 cm−1

as a result of water angular deformation, and at 896 cm−1 due
to polysaccharide glycoside bonds (Silverstein, Bassler, & Morrill,
1991; Socrates, 2004).
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The band at 1730 cm−1 in the CHF and AP is related to C O

tretching from ketone and/or esters of hemicellulose, or carboxyl
roups of lignin (Sun, Xu, Sun, Fowler, & Baird, 2005). The presence
f lignin is depicted by the band at 1500 cm−1, which represents

ig. 3. FTIR spectra for: recovered lignin (RL), unripe coconut husk fiber (CHF),
cetosolv pulp (AP), and bleached acetosolv pulp (BAP).
 100 g of unripe coconut husk fiber (CHF), acetosolv pulp (AP), in recovered lignin

the stretching of aromatic ring and the band at 1079 cm−1, which
represents the C C bond of the aromatic ring (Sun et al., 2005).
As the fiber was  subjected to chemical pulping and bleaching, the
intensities of all of these peaks were reduced, indicating the partial
removal of lignin and hemicellulose.

The spectrum of RL presents phenolic and aliphatic hydroxyl
groups (3400 cm−1 and 1370 cm−1), CH stretching of O CH3
aromatic ethers (2900 cm−1), CH3 and CH2 side chains
(2810 cm−1), C O stretching (1730 cm−1), and C C aromatic
structural vibrations (1604 cm−1, 1500 cm−1, and 1450 cm−1).
Moreover, it was possible to note weak peaks related to C1 H bonds
of the anomeric carbon in � (850 cm−1) and � (930 cm−1) configu-
rations, indicating residual carbohydrates from the hemicellulose
hydrolysis (Li et al., 2012).

3.3. Electron microscopy

The chemical processing of the CHF to BAP clearly affected the
surface of the fibers (Fig. 4). The CHF presents a compact and flat
surface, while AP and BAP fibers are loose and rough. The pulp-
ing and bleaching treatments removed part of the macromolecules
(Section 3.1), affecting the overall fiber surface (Johar, Ahmad, &
Dufresne, 2012). Bleaching induced the formation of pits on the
fiber, which is known to increase the surface area and ease the
acidic hydrolysis of the carbohydrates.
The CNW produced after acid treatment was  analyzed using
TEM (Fig. 5) to evaluate the aspect ratio of the crystals. The
whiskers were in the form of long and disordered needles with a

Table 1
Vibrational frequencies (cm−1) in the FTIR spectra of the unripe coconut husk fiber
(CHF), acetosolv pulp (AP), bleached acetosolv pulp (BAP), and recovered lignin.

Wavenumber (cm−1) Peak assignment

∼3400 (OH) str.
∼2900 (CH2 and CH3) str.
∼1730 (C O) str. in conjugated acids or

esters with aromatic rings
∼1640 (OH) def. due to adsorved H2O
∼1500 (C C) vibr. of aromatic ring in lignin
∼1255 (C5 O C1) str. in hemicellulose
∼896 (C1 O C4) str. in cellulose
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affected by chemical treatments (Table 2) and all the samples pre-
sented diffraction patterns typical of cellulose I, as expected for
cobalt radiation (Bonarski & Olek, 2011), with peaks at 17◦ (plane

Table 2
Crystallinity indexes and crystallite average size in the plane 0 0 2 as determinated
by XRD for unripe coconut husk fiber (CHF), acetosolv pulp (AP), bleached acetosolv
pulp (BAP), and cellulose nanowhisker (CNW).

Sample Crystallinity
index (%)

Crystallite size
(D0 0  2) (nm)
Fig. 4. SEM picture of (a) unripe coconut husk fiber (CHF), 

undle-formation trend, resulting from the interatomic forces such
s hydrogen bonding (Elazzouzi-Hafraoui et al., 2008).

On average, the CNW were 172 ± 88 nm in length and 8 ± 3 nm in
idth, yielding an aspect ratio of 22 ± 8. Rosa et al. (2010) obtained
NW with an aspect ratio of 39 ± 14, but the process was notably
ifferent from the acetosolv pulping approach.

Aspect ratio is a function of the lignocellulosic source. Depend-
ng on the source, the values of the aspect ratio are variable. For
nstance, a ratio of 8–10 is observed for cotton white lint (Teixeira
t al., 2010), 15–20 for rice husk (Johar et al., 2012), and 19 for
otton linter (Morais et al., 2013).

The aspect ratio of CNW directly reflects their ability to dis-
ribute mechanical stress in the interface matrix/filler. The higher
he aspect ratio of the nanocrystal, the greater the reinforce-

ent and mechanical barrier properties in the nanocomposite to
hich they are applied (Johar et al., 2012). So, although the aspect

atio of CNW from the BAP is lower than that of CNW from a
hlorine-pulped fiber (Rosa et al., 2010), the values obtained for
cetosolv-pulped nanocrystals are within the typical range for
ther fillers in nanocomposites.

.4. Zeta potential and DLS measurement

The CNW in this work presented a zeta potential of around
33 mV,  on this basis, it was considered to be a stable suspension

Zhou, Fu, Zheng, & Zhan, 2012). However, the zeta potential could
ot be compared directly with other CHF nanowhiskers (Fahma,
wamoto, Hori, Iwata, & Takemura, 2011; Rosa et al., 2010). Nev-
rthless, the nanostructures exhibited a surface charge similar to
hat has been observed previously for cotton white lint (−31 mV)

Teixeira et al., 2010).
tosolv pulp (AP), and (c–d) bleached acetosolv pulp (BAP).

These results are in accordance with the observation by TEM
(Section 3.3), because the crystals are water-stable due to sulfate
groups, whose negative surface charge repels the nanoparticles in
a stable system (Zhou et al., 2012).

The DLS measurements are related to the Brownian motion of
the nanoparticles, in which small particles can move faster than
large counterparts (Braun, Dorgan, & Chandler, 2008). The CNWs
from the BAP presented two  main peaks, at 44 nm (42% of counts)
and 180 nm (58%). The peak at 180 nm corroborates the observed
length of crystals by TEM, which was ∼172 nm (Section 3.3). The dif-
ferences in TEM and DLS measurements may  potentially be a result
of the DLS technique, which measures the hydrodynamic radius in
colloid suspensions and is more biased to large sized particles than
small sized (Oliveri, Elliott, Carnes, Hutchison, & Johnson, 2013).

3.5. X-ray diffraction

The crystallinity index of cellulose in the fibers was  notably
CHF 54 3.1
AP  72 3.8
BAP  79 4.6
CNW 82 5.0
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Fig. 5. TEM pictures for cellulose nanocrystals from the bleached ace

 0 1), 19◦ (plane 1 0 1̄), 26◦ (plane 0 0 2), and 41◦ (plane 0 4 0). Thus,
he crystallinity index of the samples changed, but the structure of
he crystal was not affected by these chemical modifications. The
xtractions of the CNW was carried out with a low concentration
f sulfuric acid (43.6%, w/w) in comparison to the most commonly
eported recipe (64%, w/w) (Habibi, 2014). Therefore, some amount
f amorphous cellulose may  be present in the CNW.

The dimensions of the crystals related to plane 0 0 2 and
rystallinity index increased as the chemical treatments were per-
ormed, probably due to recrystallization of the amorphous regions
n the border of the crystalline regions in the cellulose fiber. As
he hydroxyl groups from cellulose can form new hydrogen bonds
etween them in the amorphous components as a result of hemi-
ellulose and lignin removal (Sections 3.1–3.3) (Eichhorn et al.,
010).

After the acid hydrolysis of BAP, the crystallinity of cellulose
ncreased. However, due to the surface phenomena, the crys-
allinity index never reaches 100%, because the glucose molecule
t the end of cellulose fibril cannot form hydrogen bonds with an
dditional cellulose molecule in the adjacent fibril (Eichhorn et al.,
010).

The crystallinity index of these nanocrystals (82%) is higher than
he index of chlorine-pulped fibers from Fahma et al. (2011), which

eached 57%, and the index of Rosa et al. (2010), which reached 66%.
ence, the acetosolv-pulped nanocrystals from CHF are potentially
ore suitable as fillers for nanocomposites than chlorine-pulped

anocrystals from CHF.
 pulp (BAP), and a picture of a sample of the nanocrystal suspension.

3.6. Thermal analysis

All the materials presented initial weight loss around 100 ◦C,
mainly due to water loss (Fig. 6). The graph of CHF presents a sim-
ilar tendency when compared to the graph from Rosa et al. (2010).
The CHF presented two events of weight loss (Fig. 6); one with
onset at 260 ◦C, having 23% of weight loss and the presence of a
peak at 288 ◦C, and the second with onset at 330 ◦C, having 52%
weight loss and a peak at 343 ◦C. The former event is related to
thermal depolimerization of hemicelluloses, while the latter is due
to cellulose degradation (Morán, Alvarez, Cyras, & Vázquez, 2008).
As lignin is more thermally stable than carbohydrates, it presents
a broader decomposition range, overlapping with other lignocellu-
losic components (D’almeida, Barreto, Calado, & D’almeida, 2008).

AP and BAP showed a single main event. The AP onset was at
337 ◦C, with 73% weight loss, with a peak observed at 359 ◦C, while
the BAP onset was  at 330 ◦C, with 87% weight loss and a peak
at 351 ◦C. The removal of hemicellulose and lignin (Sections 3.1
and 3.4) increased the cellulose content in the two different fibers,
accentuating the dTG peaks and improving the thermal stability
in comparison to the CHF. The higher residue at 800 ◦C in AP can
be related to the higher lignin content than in BAP fiber. Lignin
is more likely to produce char than cellulose, because of the con-

densation of aromatic rings in an inert atmosphere (Morán et al.,
2008).

The CNW also presented a single main weight loss, with onset
at 270 ◦C, loss of 77% of the weight, and a peak at 311 ◦C. The
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Fig. 6. TGA and dTG of the: (a) unripe coconut husk fiber (CHF), (b) acetosolv 

eduction in thermal stability in comparison to AP and BAP is due
o the insertion of sulfate groups (Section 3.3), which catalyze the
hermal degradation of the carbohydrate structure (Zhou et al.,
012).

. Conclusions

The organosolv pulping was efficient in separating lignin from
oconut husk fibers. The organosolv-pulped fiber was  bleached to a
arbohydrate material from which it was possible to extract cellu-
ose nanowhiskers with characteristics similar to nanocrystals from
hlorine-pulped fibers.

This organosolv pulping method is more suitable as a biorefinery
pproach than a chlorine-pulping approach because the lignocellu-
osic biomass resulting from it is better separated, with less waste
f lignin. Moreover, the use of a low concentration of sulfuric acid
43.6%, w/w versus 64%, w/w) to extract the cellulose nanowhiskers
an also be an important greener chemistry approach. Further criti-
al studies must be conducted in order to optimize the utilization of
xtractives and hydrolyzed hemicellulose and to analyze the envi-
onmental impact this approach may  have through by life cycle
nalyses.
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