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a  b  s  t  r  a  c  t

The  unbleached  and  bleached  kraft  pulp  samples  were  partial  acetylated  by  heterogenous  acetylation
method  using  acetic  anhydride  in the  presence  of  sulfuric  acid as  a  catalyst,  to  modify  their  physical
properties.  The  overall  degree  of  acetylation  varied  from  0  to 1.04  and  0.82  by changing  the  time  of  reac-
tion up  to  24 h.  The  characterization  of acetylated  kraft  pulp  samples,  by  solid-state  CP/MAS 13C  nuclear
magnetic  resonance,  Fourier  transform  infrared  spectroscopy  and  X-ray  diffraction,  showed  the  forma-
tion of  a  heterogeneous  structure.  All  three  investigation  methods  give  consistent  results  in qualitative
terms.

The  NMR  results  confirm  the  successful  acetylation,  indicating  the  regio-nonselective  reactivity  of
the  three  kinds  of  OH  groups.  This  may  be  due  to  the  characteristic  reaction  that  proceeds  in a very
thin  layer  between  the  acetylated  and  non-acetylated  regions  in  each  microfibril.  The  FT-IR  data  further
provided  a clear  evidence  for  successful  acetylation  by  decreasing  of  the  bands  assigned  to the  O H
stretching  or  deformation  vibrations,  and  increasing  of  the  bands  assigned  to  the  C  O  and  C O  in  acetyl
and  carboxylic  groups.  Furthermore,  as  the  acetylation  reaction  proceeds,  was  identified  a  new  band
at  3032  cm−1 assigned  to  the  CH3 asymmetric  stretching  belonging  to acetyl  groups.  The  band  from

−1
2945  cm ,  assigned  to the >CH2 asymmetric  stretching,  was  shifted  to higher  wavenumbers  and  both
bands  increased  in  intensity  with  increasing  acetylation  time.  These  modifications  occur  because  the
hydroxyl  groups  from  the  anhydroglucose  are  partially  substituted  by  acetyl  groups  in the  reaction.  X-ray
diffraction  profiles  of the  acetylated  samples  showed  similar  crystalline  patterns  with  that  of unmodified
cellulose,  but  the  changes  of  band  widths  and  intensities  indicated  that  acetylation  proceeded  from  the

ards
surface  of  microfibrils  tow

. Introduction

Cellulose is the most abundant and renewable biopolymer in
ature, biosynthesized in the cell wall of higher plants, bacteria,
lgae, and some fungi. It is an optically anisotropic polysaccharide
ade up of poly-(1→4)-�-d-glucose chains. Due to the numerous

trong polar groups, cellulose molecules are linked by hydrogen
onds within the molecule and between different molecules. Crys-
allographic studies showed that the secondary structure of native
ellulose is a ribbon-like conformation with an approximately
wofold helical structure. As generally known and accepted, the
ydrogen bonds play an important role in the conformational and
echanical properties of the cellulosic materials (He, Tang, & Wang,

008).

Cellulose acetate is one of the most important cellulose deriva-

ives, being used in application such as: membranes, films, fibers,
lastics, filters, and so on (Yang, Xu, Ma,  & Wang, 2008).

∗ Corresponding author. Tel.: +40 232 217454; fax: +40 232 211299.
E-mail address: mihapop@icmpp.ro (C.-M. Popescu).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.12.046
 the core  of  each  microfibril.
© 2012 Elsevier Ltd. All rights reserved.

Cellulose acetates are produced according to two distinct
methodologies, which are referred to as homogeneous and hetero-
geneous processes from different cellulose sources such as: cotton,
sugar cane bagasse, wood and others (Rodrigues Filho et al., 2000).
In the homogeneous process, cellulose is acetylated by a solution
containing acetic acid, acetic anhydride and a catalyst, usually sul-
furic acid, and the produced cellulose acetate is solubilized in the
reaction medium. In the heterogeneous process, a non swelling
diluent is added to the system, which causes the produced cellulose
acetate to remain insoluble.

Few studies have reported on the production of cellulose
acetates via bacterial cellulose acetylation (Barud et al., 2008;
Yamamoto, Horii, & Hirai, 2006).

The acetylation process depends on the accessibility of cellulose
fibers and the susceptibility of individual cellulose I surfaces. Cel-
lulose acetate is obtained from cellulose through the substitution
of its cellulosic hydroxyl groups by acetyl groups. The properties
of cellulose acetate depend on its degree of substitution, i.e. the

average number of acetyl groups per anhydroglucose unit, and
on the substituent distribution at three possible sites of anhy-
droglucose unit and along the length of cellulose chain (He et al.,
2008).

dx.doi.org/10.1016/j.carbpol.2011.12.046
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:mihapop@icmpp.ro
dx.doi.org/10.1016/j.carbpol.2011.12.046


drate Polymers 88 (2012) 530– 536 531

t
s

l
p
p
(
a
C
w
o
r

a
c
m
M

a
u
e
o
s
t

2

2

k
S
s
p
0
l
2
s
w

2

s
p
A
u
p
b
p
(
t
G
e
a
i
1

m
t
c
f
m

C.-M. Popescu et al. / Carbohy

The control of the acetylation time can be an important aspect to
he variable degree of acetylation and cellulose acetate’s physical
tructure (Barud et al., 2008).

The fibrous conversion method also provides partially acety-
ated cellulosic materials. Herdle and Griggs (1965) prepared a
aper with improved wet strength and dimensional stability from
artially acetylated cellulose fibers. Sassi, Tekely, and Chanzy
2000) studied the homogeneous acetylation process for Valonia
nd tunicate cellulose samples at the initial undissolved stage by
P/MAS 13C NMR, FT-IR and electron microscopy. As a result, it
as found that acetylation proceeds from the surface to the core

f each microfibril and the I� crystals undergo acetylation more
apidly than the I� crystals.

Since the acetylated surface is expected to provide improved
dhesion with hydrophobic matrices, use of partial acetylation of
ellulosic fibers has been intensively studied as reinforcing ele-
ents for composite materials (Kim, Nishiyama, & Kuga, 2002;
atsumura & Glasser, 2000).
In this paper, cellulose acetates were produced from unbleached

nd bleached kraft pulp fibers using heterogenous acetylation
nder acetic anhydride medium, without solvents and in the pres-
nce of sulfuric acid catalyst. The chemical modifications were
bserved as a function of acetylation time and characterized by
olid state CP/MAS 13C nuclear magnetic resonance (NMR), Fourier
ransform infrared spectroscopy (FTIR) and X-ray diffraction.

. Materials and methods

.1. Materials

Bleached (BP) and unbleached (UBP) mixed spruce and pine
raft pulp fibers samples from Södra Cell, Sweden (courtesy Karin
jöström) were wet-defibrated and air-dried at room temperature
everal days then oven-dried at 80 ◦C for 24 h. 1.5 g of each sam-
le were suspended in a mixture of 7.5 mL  acetic anhydride and
.015 mL  sulfuric acid (as a catalyst), and vigorously stirred. Acety-

ation was performed at 30 ◦C for different reaction times: 1, 5 and
4 h. After the desired reaction time, samples were separated from
uspension by filtration, then washed several times with distilled
ater, and air-dried at room temperature.

.2. Methods

Solid-state CP/MAS 13C NMR  spectroscopy. High-resolution solid
tate 13C NMR  spectra were recorded at 7.04 T with cross-
olarization/magic angle spinning (CP/MAS) in a Bruker Avance
QS 300 WB  spectrometer. All powdered samples were packed
niformly in a zirconium oxide rotor. All measurements were
erformed at 289 ± 1 K. The MAS  rate was 5 kHz. A double air-
earing probe was used. Acquisition was performed with a CP
ulse sequence, using a 4.5 �s proton 90◦ pulse, 800 �s ramped
100–50%) falling contact pulse and a 2.5 s delay between repe-
itions. A TPPM15 pulse sequence was used for 1H decoupling.
lycine was used for Hartman–Hahn matching procedure and as
xternal standard for the calibration of the chemical shift scale rel-
tive to tetramethylsilane ((CH3)4Si). The data point of maximum
ntensity in glycine carbonyl line was assigned a chemical shift of
76.03 ppm.

FT-IR spectra were recorded on solid samples in KBr pellets by
eans of FT-IR DIGILAB ScimitarSeries spectrometer with a resolu-
ion of 4 cm−1. The concentration of the sample in the tablets was
onstant – of 5 mg/500 mg  KBr. Five recordings were performed
or each sample after successive milling and the evaluations were

ade on the average spectrum obtained from these five recordings.
Fig. 1. CP/MAS 13C NMR  spectra of non-acetylated and acetylated unbleached (UBP)
(a)  and bleached (BP) (b) kraft pulp samples.

Processing of the spectra was  done by means of Grams/32 program
(Galactic Industry Corporation).

The X-ray diffraction (XRD) analysis was  performed on a Bruker
AD8 ADVANCE Wide Angle Xray Diffraction. Bragg–Brentano
parafocusing goniometer, scans recorded in step mode by using
the Ni-filtered Cu K� radiation (� = 0.1541 nm). The working condi-
tions were 36 kV and 30 mA tube power. All the diffractograms were
collected in the range of 2–40 2� degrees, at room temperature.
The recorded diffractograms were deconvoluted using Gaussian
profiles by means of Grams/32 program (Galactic Industry Corp.).
The reduced chi-squared value, for all deconvoluted curves was
�2 ≤ 0.1. After deconvolution, several parameters can be calculated
and compared, e.g. the crystalline index, the apparent crystallite
size, and the proportion of crystallite interior chains.

3. Results and discussions

3.1. Solid-state CP/MAS 13C NMR spectroscopy

Natural cellulose fibers have a molecular architecture with a
high degree of individuality, depending on their biological origin.
Typical CP/MAS 13C NMR  spectra from cellulose I are made up of six
signals from the anhydroglucose unit split into fine structure of the
cellulose I fibril. The information in this fine structure is high, but
the accessibility of the information is hampered by a severe over-
lap of the signals (Larsson, Wickholm, & Iversen, 1997; Wickholm,
Larsson, & Iversen, 1998).

The successful acetylation of unbleached (UBP) and bleached
(BP) pulp samples was confirmed by CP/MAS 13C NMR  spectra. The
spectra of non-acetylated and acetylated samples showed char-
acteristic signals (Fig. 1 summarized in Table 1). For evaluation,
the spectra were normalized to the band at 88.7 ppm assigned to
crystalline C4.

The assignments were made in accordance with literature
(Larsson, Hult, Wickholm, Pettersson, & Iversen, 1999; Larsson

et al., 1997; Wickholm et al., 1998).

The spectra for acetylated samples showed a set of signals
that confirms modification in the unbleached and bleached pulp
structure. The respective signals for cellulose acetate are assigned
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Table 1
Resonance assignments of CP/MAS 13C NMR  signals of kraft pulp samples.

Chemical shift
(ppm)

Assignment

171.4 COO in acetyl groups
104.8 C-1 in cellulose I�, I� and less-ordered cellulose
101.4  C-1 in the cellulose acetate
88.7  C-4 in crystalline cellulose I�, I� and paracrystalline

cellulose
83.7 C-4 in non-crystalline cellulose or less ordered surface

cellulose molecules
74.8 C-2,-3,-5 in cellulose and hemicelluloses
72.1 C-2,-3,-5 in cellulose and hemicelluloses
71.4 C-2,-3,-5 in cellulose and hemicelluloses
64.8 C-6 in crystalline cellulose I�, I� and paracrystalline

cellulose
62.6 C-6 in non-crystalline cellulose or less ordered surface

cellulose molecules
20.6 CH3 in acetyl groups
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to literature data (He, Zhang, Cui, & Wang, 2009; Hu et al., 2011;
Jebrane, Pichavant, & Sebe, 2011; Nishiyama, Sugiyama, Chanzy, &
talic for bands observed in the spectra after acetylation.

o the COO (171.4 ppm), C1 (101.4 ppm), and CH3 (20.6 ppm)
Yamamoto et al., 2006).

The crystalline and disordered components were detected for
he C4 and C6 carbon, respectively (Yamamoto et al., 2006). The
ntensity of the signal 64.8 ppm for crystalline C6, decreased and the
morphous background increased with increasing reaction time.
hese reveal the crystalline structure of the cellulose was  dis-
upted and the acetylation reaction occurs in the system. Finally,
he increase of the intensity for COO and CH3 indicated that the
xtent of acetylation increased during reaction period.

These changes are observed due to microfibrils modifications
fter acetylation, being obtained a product less crystalline than
nmodified cellulose. In addition, the ordered components of cel-

ulose have been found to decrease at almost the same rate with
he increase of reaction time. This indicates that the OH groups
ssociated with these carbons undergo acetylation almost simul-
aneously, independently on the position in the anhydroglucose
nits and in structure between the ordered and disordered OH
roups. This may  be due to the three OH groups underwent acety-
ation at nearly the same time in a very thin layer produced at
he boundary between the acetylated and non-acetylated regions
nd successively move from the surface to the inner part in each
anofibril (Hu, Chen, Xu, & Wang, 2011; Yamamoto et al., 2006).
imilar regio-nonselective reactivity of the OH groups in the anhy-
roglucose units was also observed for acetylation of cellulose by
assi et al. (2000).

The acetylation gradually modified the NMR  spectra patterns.
hese modifications are associated to three factors: changes in the
cetylation degree during the synthesis, the low homogeneity in
he distribution of substitution groups and the crystalline structure.

The same acetylation effect was observed in both types of
nbleached and bleached pulps. However, differences in signal

ntensities were stronger for unbeached pulp than for bleached
ne. This means that the acetylation was more pronounced in the
ase of the unbleached pulp sample. After integration of the regions
etween 30 and 11 ppm, assigned to CH3 from acetyl groups, and
15 and 50 ppm, assigned to C1–6 carbons from cellulose, it was
ossible to evaluate the bulk acetylation degree (Fig. 2).

Thus, after 5 h the bulk acetylation degree was slightly lower for
nbleached pulp (0.34 and 0.39) while it was clearly higher after
4 h, as compared with the bleached pulp, of 1.08 in respect with

.82. This can be explained by an increased number of OH groups
due to the presence of hemicelluloses and lignin) and a less ordered
tructure of the unbleached pulp than bleached one, so being more
usceptible to attack of reagent (acetylation).
Fig. 2. Bulk acetylation degree versus reaction time of unbleached (UBP) and
bleached (BP) kraft pulp samples.

3.2. FT-IR spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is a well-known
powerful analytical tool to detect functional groups by measuring
fundamental molecular vibrations. Especially carbonyl groups (of
the ester groups) that have a high molar absorptivity can easily
be seen, even at low concentrations. Therefore, many researchers
characterizing and following the acetylation of wood have used this
tool (Barud et al., 2008; Fan, Liu, Liu, & Lu, 2010; Hu et al., 2011;
Yang et al., 2008).

The FT-IR spectra of untreated and acetylated unbleached and
bleached kraft pulp samples in the range 4000–840 cm−1 are shown
in Figs. 3 and 4 and all the major infrared absorption bands observed
in the spectra are listed in Tables 2 and 3. The characteristic bands
for unbleached and bleached kraft pulps and those associated to
acetylated samples were identified and were assigned according
Fig. 3. FT-IR spectra in the 3800–2700 cm−1 of non-acetylated and acetylated
unbleached (UBP) (a) and bleached (BP) (b) pulp samples.
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Table 2
The characteristic bands in FT-IR spectra of the non-acetylated and acetylated kraft
pulp  samples in the 3800–2700 cm−1 region.

Band assignment Wavenumber
(cm−1)

Absorbed water weakly bound and intramolecular
hydrogen bond in a phenolic group (in lignin)

3566

Multiple formation of an intermolecular hydrogen bond
between phenolic groups and their combinations with
alcoholic groups

3471

O2 H2···O6 intramolecular stretching modes (in cellulose) 3428
O3 H3···O5 intramolecular in cellulose 3342
O6 H6···O3 intermolecular in cellulose I� (3270) 3273
O6  H6···O3 intermolecular in cellulose I� (3240) 3222

CH3 asymmetric stretching 3032
>CH2 asymmetric stretching 2945/2962

CH3 symmetric stretching 2903
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Table 3
The characteristic bands in FT-IR spectra of the non-acetylated and acetylated kraft
pulp  samples in the 1900–850 cm−1 region.

Band assignment Wavenumber
(cm−1)

Carbonyl C O stretching of ester, unconjugated ketones,
carbonyls groups

1745

Absorbed O H and conjugated C O 1642
C  C of aromatic skeletal (lignin) 1513
C H deformation in lignin and carbohydrates, O H in

plane bending of cellulose
1461

C  H deformation in lignin and carbohydrates, O H in
plane bending of cellulose

1429

C  H deformation in cellulose and hemicelluloses, C H
bond in O(C O) CH3 group

1375

O  H in-plane bending 1339
O H deformation and CH2 rocking vibration 1317
C H deformation 1281
C O stretching 1262
C  O stretching in acetyl group 1237
O H in-plane bending 1206
C  O C asymmetric vibration 1166
C  O stretching vibration 1127
C  OH stretching vibration 1114
C  O C deformation 1082
C O stretching mainly from C(3) O(3)H in cellulose 1060
C  O stretching ring in cellulose and hemicelluloses 1031
C O stretching vibration 985
�-glucosidic linkage between the sugar units in

hemicelluloses and celluloses
896
>CH2 symmetric stretching 2861

talic for bands observed in the spectra after acetylation.

angan, 2003; Perez & Mazeau, 2005; Popescu et al., 2007; Popescu
t al., 2008).

.2.1. The 3800–2700 cm−1 region
In this region, strong hydrogen bonded (O H) stretching absorp-

ions and prominent C H stretching absorptions were observed
Fig. 3). The hydroxyl stretching region of the spectrum is partic-
larly useful for elucidating hydrogen-bonding patterns because,
ach distinct hydroxyl group gives a single stretching band at a
requency that decreases with increasing strength of hydrogen
onding.

A broad band with a maximum around 3420 cm−1 was  observed
n the spectra of the kraft pulp samples. This band is an envelope of

 series of bands which can be assigned to different hydrogen bonds
see Table 2). The intensity of this band decreases more pronounced
n the spectra of the unbleached kraft pulp than in the spectra of
leached kraft pulp. The lowering of intensities of OH stretching
and is consistent with the partial acetylation of the samples.

An intramolecular hydrogen bond vibration, derived from
2 H2···O6, is observed at 3428 cm−1. This band shows a varia-

ion of the maximum with a few wavenumbers to higher values
−1
n the spectra of acetylated pulp samples. The band at 3271 cm

assigned to the O6 H6···O3 intramolecular hydrogen bonds exist-
ng only in monoclinic I� phase) is shifted to higher wavenumbers

ith maximum 10 cm−1 after the acetylation process.

ig. 4. FT-IR spectra in the 1900–850 cm−1 of non-acetylated and acetylated
nbleached (UBP) (a) and bleached (BP) (b) pulp samples.
Italic for bands observed in the spectra after acetylation.

As the acetylation reaction proceed, a new band at 3032 cm−1

assigned to the CH3 asymmetric stretching was  identified, being
observed, in the same time, a shifting of the band at 2945 cm−1

(assigned to the >CH2 asymmetric stretching) to higher wavenum-
bers with maximum 17 cm−1. Both bands increased in intensity
with increasing time of acetylation.

These modifications occur because the hydroxyl groups from the
anhydroglucose are partially substituted by acetyl groups during
the reaction.

3.2.2. The 1900–850 cm−1 region
The “fingerprint” region of the spectra of the non-acetylated and

acetylated kraft pulps shows clear differences (Fig. 4). By comparing
the spectral characteristics of both types of samples, differences in
their chemistry become clear and the spectral contributions of the
different characteristic groups, as well as the band assignments can
be ascertained (Table 3).

In addition, there are many well-defined peaks in the “finger-
print” region between 1900 and 850 cm−1 (Fig. 4). This region
corresponds to different stretching, deformation, bending or rock-
ing vibrations for principal groups from non-acetylated and
acetylated kraft pulp samples. Thus, the evidence of acetylation
is again clearly provided by the presence of and/or concentration
increase of the important ester bonds at 1745 cm−1 assigned to
carbonyl C O stretching of ester, unconjugated ketones, carbonyls
groups, 1375 cm−1 assigned to C H bonds in O(C O) CH3 group,
1262 cm−1 assigned to C O stretching and 1234 cm−1 assigned to
C O stretching of acetyl group in the spectra of the acetylated kraft
pulp samples (see Table 3).

The absence of a peak at 1700 cm−1 for a carboxylic group in the
spectra of the acetylated products also indicates that the samples
do not contain acetic acid.

Apart from the important bands which appeared or increased

in intensity with increasing reaction time were observed two  new
bands at 1127 and 1082 cm−1 assigned to C O stretching vibration
and C O C deformation, respectively. These bands were identified
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from cellulose I than those in the untreated samples, and in con-
sequence, a low degree of crystallinity compared with that of the
original ones. This is due to the substitution of the hydroxyl groups
ig. 5. Bulk acetylation degree against reaction time of unbleached (UBP) and
leached (BP) kraft pulp samples.

n the acetylated kraft pulp spectra, being observed to increase in
ntensity during the course of reaction.

In order to observe the level of acetylation of the kraft pulp sam-
les, the extent of acetylation for all the samples was quantitatively
etermined by calculating the ratio between the intensity of the
cetyl C O stretching of ester at about 1740 cm−1 and the inten-
ity of O H stretching vibration at about 3420 cm−1 (I1740/I3420)
Fig. 5).

As in the case of bulk acetylation degree evaluated by CP/MAS
3C NMR  spectroscopy, after 5 h the acetylation degree has a lower
alue for unbleached kraft pulp while it has a higher value after 24 h
s compared with the bleached kraft pulp. Due to well defined sig-
als in the NMR  spectra, compared to bands from IR spectra (which
re an envelope of a series of individual bands), the more appropri-
te valued for the bulk acetylation degree are those obtained from
MR  spectra. Even the bulk acetylation degree has values different;
ualitatively it presents the same variation.

.3. X-ray diffraction

To obtain further information, wide-angle X-ray diffractograms
ere also measured for the same acetylated samples, as shown in

ig. 6. The XRD results allow us to analyze changes in the crys-
allinity of the samples after the acetylation for different periods.

Reflections from the 15.0–15.2◦ 2� (assigned to the (1 0 1)
rystallographic plane), 16.7–16.8◦ 2� (assigned to the (1 0 1̄)  crys-
allographic plane), 19.0◦ 2� (assigned to amorphous phases), 20.0◦

� (assigned to the (1 0 2) crystallographic plane), and 22.5◦ 2�
assigned to the (0 0 2) or (2 0 0) crystallographic plane of cellu-
ose I) are observed in both non-acetylated and acetylated samples
Fig. 7).

These observations are in accordance with the existence of
he resonance lines and specific bands from NMR  and IR spectra
ssigned to cellulose. Moreover, broad reflection at 8◦ 2�, cited as
he principal characteristic of semicrystalline acetylated derivative
ellulose (Rodrigues Filho et al., 2000), is observed to appear after

 h of acetylation. The position of this band indicates the generation
f a disorder when kraft pulp was acetylated.

The crystallinity degree from X-ray diffractograms was  calcu-
ated according to equation proposed by Hermans (Marcovich,
eboredo, & Aranguren, 2001):

rI = Acrist

Atotal
(1)
here CrI is the crystallinity degree, Acrist is the sum of crystalline
eak areas, and Atotal is the total area under diffractogram.

The degree of crystallinity (CrI) is higher for bleached pulp
62.2%) sample than for unbleached (60.2%) one and decreases
Fig. 6. X-ray diffractograms of non-acetylated and acetylated unbleached (UBP) (a)
and  bleached (BP) (b) kraft pulp samples.

with the increases time of reaction to 57.8% and 58.6%, respectively
(Fig. 8).

Crystallinities of samples were estimated from FT-IR spectra
using a method proposed by Hulleman, Van Hazendonk, and Vna
Dam (1994).  The ratio between the absorption intensities of the
band at 1280 cm−1, assigned to the C H bending mode and at
1200 cm−1, assigned to the C O C stretching mode of the pyranose
ring (Rc,h = I1280/I1200) was  used to determine cellulose crystallinity.

xc = 1.06 × Rc,h + 0.19 (2)

This correlation is valid only in the range 0.26 ≤ xc ≤ 0.75, the cel-
lulose crystallinity limits used by Hulleman et al. (1994).  The values
obtained were 61 ± 1% and 62 ± 1% for the untreated unbleached
and the bleached pulps, respectively, and decreases to 58 ± 1% and
59 ± 1% for 24 h treated samples (Fig. 8). FT-IR determinations of the
degree of crystallinity were in good agreement with those obtained
by XRD measurements.

The acetylated kraft pulps present weaker diffraction bands
Fig. 7. Deconvoluted X-ray diffractograms of unbleached (UBP) kraft pulp fibers.
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ig. 8. Degree of crystallinity vs reaction time for unbleached (UBP) (a) and bleached
BP)  (b) kraft pulp samples (CrI, crystallinity degree from XRD; Cr.I′ , crystallinity
egree from FT-IR spectroscopy).

y acetyl groups with greater volume, which broke the inter- and
ntra-molecular hydrogen bonds of cellulose.

These results may  support the presumption that the present
cetylation proceeds from the surface to the core of each microfib-
il with the increase of reaction time, and the crystal structure of
he nanofibers changed with the increase of the acetylation degree,
imilar to the case in the previous report (Hu et al., 2011).

Apart from cellulose which is the major component of the kraft
ulps fibers, other constituents include lignin and hemicelluloses
especially in the unbleached kraft pulp). Phenolic, benzylic or alco-
olic (primary and secondary) hydroxyl groups are present in the

ignin region while only the alcoholic hydroxyl groups are found
n the carbohydrate. The different types of hydroxyl groups will
herefore undergo different susceptibility towards acetylation. It
as been previously reported by various workers (Adebajo & Frost,
004; Hill, Jones, Strickland, & Cetin, 1998) that the initial step in
he mechanism for the reaction of acetic anhydride with a hydroxyl
roup involves a nucleophilic attack on the acyl carbon centre of the
cetic anhydride molecule by a pair of the alcoholic (or phenolic)
ydroxyl group followed by subsequent loss of acetic acid to gen-
rate the ester. The rate of diffusion of acetic anhydride into the cell
all can also limit the rate of reaction for whole pulp fibers.

. Conclusions

The three analytical methods confirmed the partial successful
cetylation of the unbleached and bleached kraft pulp samples. The
verall bulk degree of acetylation after 24 h of the acetylation reac-
ion was of 1.04 for unbleached kraft pulp and of 0.82 for bleached
ne, respectively.

The NMR  spectra for acetylated samples showed a set of signals
hat confirms modification in the unbleached and bleached kraft
ulp structure. The intensity of the crystalline and disordered com-
onents for the C4 or C6 carbon decreased with increasing reaction
ime. These reveal that the crystalline structure of the cellulose was
isrupted and the acetylation reaction occurs in the system. Finally,
he increase of the intensity for COO and CH3 indicated that the
xtent of acetylation increased. The acetylation gradually modified
he characteristic of the NMR  spectra patterns. These modifications
re associated to three factors: changes in the acetylation degree
uring the synthesis, the low homogeneity in the distribution of

ubstitution groups and the crystalline structure.

From FT-IR spectra was clearly evidenced the decreasing of the
ands assigned to the O H stretching or deformation vibrations
t 3420, 1337, 1310, 1206 and 1114 cm−1 and increasing of the
Polymers 88 (2012) 530– 536 535

bands assigned to the C O and C O in acetyl and carboxylic groups
at 1745, 1375, 1262 and 1234 cm−1. Furthermore, as the acety-
lation reaction proceed, was  identified a new band at 3032 cm−1

assigned to the CH3 asymmetric stretching. In the same time was
observed the shifting of the band from 2945 cm−1, assigned to the
>CH2 asymmetric stretching, to higher wavenumbers with max-
imum 17 cm−1. Both bands increased in intensity with increasing
time of acetylation. These modifications occur because the hydroxyl
groups from the anhydroglucose are partially substituted by acetyl
groups in the reaction.

X-ray diffraction profiles of the acetylated samples showed the
crystalline pattern of unmodified cellulose, but with changes in
bands widths and intensity. Moreover, a broad reflection at 8◦ 2�,
cited as the principal characteristic of semicrystalline acetylated
derivative cellulose was  identified in acetylated samples more than
5 h. The acetylated kraft pulps present smaller diffraction bands
from cellulose I than those in the untreated samples, and in con-
sequence, a low degree of crystallinity compared with that of the
original ones. This is due to the substitution of the hydroxyl groups
by acetyl groups with greater volume, which broke the inter- and
intra-molecular hydrogen bonds of cellulose.
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